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Abstract 
 
Methanol oxidation to formaldehyde is one of the most important industries in 
our lives; the reaction occurs on catalyst surface in heterogeneous catalysis. Iron 
molybdate is the current selective catalyst. However, molybdenum volatilises 
during methanol oxidation and leaving the catalyst with a low molybdenum ratio, 
which deactivates the catalyst, a 2.2 Mo: 1Fe iron molybdate catalyst was used 
instead the stoichiometric catalyst, while yield of formaldehyde cannot be 100%. 
The goal of this study is to find more selective and more productive catalyst than 
iron molybdate catalyst, the first step is to find another transition element as 
selective as molybdenum, because molybdenum is the selective part, and iron is 
the active part, the resulting iron molybdate catalyst is a selective catalyst to 
formaldehyde near molybdenum and active near iron. Experimentally, catalysts 
were prepared using co-precipitation method, however, some doped catalysts 
were papered by incipient wetness impregnation, also sol-immobilization was 
used to prepare nano-gold particles on the surfaces of few supports. Catalysts 
characterizations were carried out within several techniques for the surface 
analysis (XPS) and bulk analysis (XRD), also the surface area was measured by 
BET equipment. Raman too was used in this study, while micro-reactor was the 
reactor to determine selectivity and activity of each catalyst. When molybdenum 
replaced by vanadium, the catalyst yielded 100% formaldehyde at 200 oC; 
moreover, tungsten was selective. Likewise, iron was replaced by other active 
metals such as manganese, copper and bismuth, which are active. Nano-gold 
improved activity when doped on molybdenum oxide and iron molybdate 
supports. 
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1. Introduction 
 
1.1 Heterogeneous Catalysis  
A catalyst is a substance that accelerates the rate of a reaction to occur 
faster than an uncatalysed reaction, but it does not convert, or chemically change, 
at the end of the reaction, or appear in the overall reaction equilibrium 
composition. Catalysis is the process whereby reactions are accelerated through 
the effects of a catalyst. Heterogeneous catalysis occurs when the catalyst and the 
reactants are different in phases. Solid catalyst and gaseous reactants are the most 
commonly used in heterogeneous catalysis. The exhaust catalytic gas system in 
automobile is an example of a heterogeneous catalytic system. 
 
A catalyst simply provides a lower energy path for molecules to break and 
reform their bonds, as is required for a chemical reaction. It lowers the level of 
activation energy (∆Eg) that is necessary to break bonds, and then reacts to 
products by making new bonds [1]. 
 
1.1.1 Importance of catalysis 
Catalysis is an important field for modern industry and economy, as well 
as for the environment and health. Approximately 90% of chemicals and 
materials are produced using catalysis, which saves energy that would be 
consumed in industry, and helps the economies of chemical exporting countries. 
 
The most well-known example of how catalysis protects our environment 
is in cars. Each car is built with a catalytic exhaust to convert and reduce 
pollutants such as NO, which are emitted by cars and would otherwise damage 
the environment. All living matter vitalises enzymatic catalysis, including 
photosynthesis. This is a process for gaining energy from light, where photons 
are absorbed by chlorophyll and the energy is stored as separated charges. Then a 
number of enzymes work as catalysts to produce sugar, which is the chemical 
energy source. 
 
In recent times, catalysis has become more important in further 
applications. It is used in oil cracking with wide range products. Furthermore, in 
 2 
the future catalysis will be needed for finding new ways to produce chemicals 
from alternative sources, finding new alternative energy sources and engaging 
more in environment protection.[1] 
 
1.1.2 Catalytic cycle 
The oxidation of carbon monoxide demonstrates the formation of 
products from the heterogeneous catalytic reaction of a solid-gas system as in 
Fig. 1.1, and this reaction takes place in automobile exhaust catalysis (Pt 
catalysts, invented by Eugene Houdry in1950). Molecules from the gas phase 
adsorb on a metal surface; molecules bond with the surface in molecular form; 
and then the adsorbed oxygen molecules dissociate into atoms, but the CO does 
not dissociate because of its high internal bond strength (1076 KJ/mol), compared 
with oxygen (500 KJ/mol). The next step is that the oxygen atoms react with the 
CO to form carbon monoxide, which is the adsorbed product. The rate-
determining step is the surface reaction step: the product, which is carbon dioxide 
in this reaction, is desorbed from the surface into the gas phase. 
 
 
Support 
Metal 
CO 
O₂ 
Gas phase diffusion 
Molecular 
adsorbed   
Dissociative 
adsorption Surface 
diffusion  
Surface 
reaction 
Adsorbed 
product  
Product 
desorption 
CO₂ 
Fig. 1.1 Solid surface- gas reactants heterogeneous catalytic system. 
  
 
In the gas phase, the reaction activation energy, ∆Eg, is high, as in Fig. 
1.2. Before it can make new bonds, a large amount of energy needs to be spent to 
break the reactant bonds. On the catalyst surface, reacting molecules are 
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stabilised during the reaction because of the bonding sites on the catalyst; that 
provides lower energy for the molecules to break and reform their bonds, and this 
bonding stabilises the intermediates in the reactions. 
 
Consequently, activation barriers in a catalysed reaction are lower than in 
an uncatalysed one, and the reaction is accelerated. A catalyst lowers the 
activation barriers to increase the reaction rate and speeds the approach to 
equilibrium without affecting the equilibrium concentration.[1,2] 
 
 
Gas phase reactants   
Adsorbed reactants 
ΔEa 
Catalysed 
ΔEs 
Adsorbed products 
Gas phase products 
ΔEd 
Intermediate state 
ΔEg 
Activation energy 
 
ΔEa – for adsorption  
ΔEs – for surface reaction 
ΔEd – for desorption 
ΔEg – for gas phase reaction 
Reaction 
Energy 
Fig. 1.2 Activation energies and catalytic reaction. 
 
 
1.1.3 Adsorption on a surfaces 
 
Fig. 1.1 shows that adsorption is the first reactive step in the 
heterogeneous catalytic cycle. There are two types of adsorption: physical 
adsorption and chemical adsorption. Physical adsorption occurs between all gases 
and all solids; it does not form a real chemical bond between molecules and 
surface, though, and is caused by van der Waals forces. Chemical adsorption, 
which is also called chemisorption (Newns-Anderson)[44,45], is a stronger 
adsorption, which is caused by breaking and weakening the molecules’ bonds to 
make a new bond between the adsorbate and the surface. 
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 1.4 Chemical adsorption on a surface  Fig. 1.3 Physical adsorption on a surface   
 
In principle, physical adsorption appears when a molecule approaches a 
surface, attracted by van der Waals forces, which to essentially caused by 
electrostatic polarisation between the molecule and the surface. As the molecule 
approaches nearer to the surface, as shown in Fig. 1.3, repulsion occurs owing to 
the nearness of the outer electronic orbital of the surface and the molecule. As a 
result, only a low energy level is needed to accommodate the molecule; and the 
heat of adsorption, ΔH(p), is low (~20 KJ/mol). It is a weak adsorption; because 
the molecule is distant from the surface in comparison with chemical adsorption 
(figure 1.4), as can be seen in Fig 1.5. Frenkel’s equation (Frenkel, 1924) can be 
used to approximate the time that the molecule stays adsorbed on the surface, τ = 
τo e[E/RT], where τ is the surface lifetime, τo is the lifetime of the surface vibration 
(~10-13 s) and the adsorption energy is E. 
 
Figure 1.5 Lennard Jones-type description of adsorption energetics [2] 
 
Chemical adsorption creates a real bond with the surface. Fig 1.4 shows 
that the molecule has to be close to the surface. Fig 1.5 shows the gas phase 
dissociation energy (D), when the molecule approaches the surface the potential 
energy falls to a deep minimum at a close distance from the surface, and the heat 
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of chemical adsorption, ΔH (c), is much higher than the heat of physical 
adsorption ΔH (c).[1, 2] 
 
It is recognised that a catalyst affects the rate of a reaction; it lowers the 
activation energy of the reaction, and makes a new pathway with lower energy by 
bonding the reactant molecules to the surface to reach a more stable state. A 
catalyst increases the rate of a reaction, for example: 
 
A + B   C + D  (Eq 1.1) 
          
The rate of this reaction is:  
 
Where k = A exp
(-E / RT) , and, from Fig 1.2, E is the activation energy of the 
reaction in the gas phase at T temperature. 
 
Hence, the reaction rate is increased by reducing ΔEg or increasing factor 
(a). In a catalysed reaction, both A and B are adsorbed on the surface and need 
lower energy to react, to products bonded to the surface. To summarise, 
heterogeneous catalysis is mainly the study of gas molecules adsorbed on a 
catalyst surface, and the behaviour of a catalyst in a particular reaction.[1,2] 
 
1.2 The selective oxidation of methanol  
This section gives a short introduction to methanol, formaldehyde and 
formaldehyde production, either by oxidation or by oxidative dehydrogenation. It 
will show a thermal study for reactions may occur ether desired or as side 
reaction and determining the favoured reaction. The current catalyst of methanol 
oxidation will be illustrated in terms of industrial plant and processes.  
 
1.2.1 Methanol properties 
Methanol, CH3OH, is colourless, volatile and flammable, with a 
distinctive odour; it has an molecular mass of 32.04 g mol-1 and a density of 
d[A]	  
dt	  
=	  k[A]n	  [B]m	  _	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0.7918 g cm-3. The boiling point of alcohols is higher compared with alkalines 
owing to the positivity of –OH, as polarised hydrogen is attracted to negative 
polarised oxygen in another molecule, and causes a weak force that leads to extra 
energy, which has to be overcome to let the molecules in the liquid phase 
evaporate. Methanol boils at 65°C and melts at -97.8°C; it is soluble in water. 
Methanol is a water derivative with one –H molecule replaced by a –CH3 one, 
with a tetrahedral angle of 109°. Methanol is a weak acid with 15.5 pKa, which is 
similar to water’s pKa of 15.7. However, methanol’s acidity is greater than 
methane’s because of the strong electronegativity of the oxygen attached to the 
proton, which stabilises the negative charge of the alkoxide ion. It is also a weak 
base, as a strong acid protonates the hydroxyl group, making an alkyloxonium 
ion. A substance with a Lewis acidity accepts an electron pair, whereas a Lewis 
base is a material that donates a pair of electrons. When a substance has a polar 
bond to hydrogen, either a low energy orbital or a vacant orbital, it becomes a 
Lewis acid. For example, methanol is a proton donor, as in Eq 1.2: 
CH3
O
H NH3NH2
CH3
O
+ + (Eq 1.2)
 
 
Methanol can also be a Lewis base, when the methanol has a lower 
acidity and is protonated by the higher acidity reactants of the electron donors, as 
in catalytic reactions: 
CH3
O
H CH3
O
+
H
H
H
++ (Eq 1.3)
 
 
Alcohols dehydrate by removing the water group from their molecules, 
and then converting the alcohols to ethers in a strong acid or a catalysed acid. 
However, the case with methanol is firstly protonation of methanol in acidic 
conditions, and then another methanol molecule would attack the protonated 
methanol to eliminate the H2O and form dimethyl ether. 
CH3
O
H CH3
O
H CH3
O
CH3 OH2+ + (Eq 1.4) 
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Methanol can be oxidised to formaldehyde, and further oxidation leads to 
the formation of formic acid or even full oxidation to carbon dioxide.[3,4,5] 
HH
OOH
H H
H
OH
O
H
(Eq 1.5)[O]
[O]
 
 
Methanol can be produced in many ways, owing to the improvements in 
methanol synthesis technology since it was first introduced by BASF in 1923. 
Hydrogenation of carbon monoxide mixture with CO2 can be catalysed by ZnO-
Cr2O3 at pressure of 240–300 bars and 350–400°C temperature on a large scale. 
Methanol formation is: 
 
CO + CO2 + 2H2 à  CH3OH (ΔH298= -91 KJ/mol)  (Eq 1.6a) 
CO2 + 3H2 à  CH3OH + H2O           (ΔH298= -49 KJ/mol) (Eq 1.6b) 
 
A mixed catalyst of copper, zinc oxide and alumina was later developed, 
replacing the zinc chromate to produce methanol from hydrogen and carbon 
monoxide at 250–280°C and pressure of 60–80 bars. 
  
CH4 + H2O à  CO + 3H2  (ΔH298= 206.1KJ/mol)  (Eq 1.7) 
CO + H2O à  CO2 +H2  (ΔH298= -40.1 KJ/mol)            (Eq 1.8) 
CO2 + H2 à  CH3OH + H2O       (ΔH298= 40.9 KJ/mol) (Eq1.9) 
 
Steam methane reforming (SMR) is applied to methanol synthesis. In fact, 
SMR is an endothermic reaction on an Ni-based catalyst. The reaction operates at 
900°C and pressure of 70 bar. However, the stoichiometry of methanol synthesis 
has to be adjusted by increasing the H2/CO ratio. H2O and CO are reacted within 
water gas shift reaction to give CO2 and H2. The ideal H2/CO is near ~2
[8,9]. 
 
Methanol is used in many applications; and the most important use is the 
production of other chemicals. It is the feedstock of formaldehyde and also 
produces dimethyl ether. Methanol is used in fuel cells for electricity generation 
at low temperatures and low pressure. In 2005 Toshiba produced a fuel cell with 
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direct methanol fuel cell (DMFC) technology. It is the smallest available fuel cell 
(22 x 56 x 4.6 mm), so it can be used to generate power for even small electrical 
devices, like laptops and mobile phones. It is an alternative renewable source as it 
can be produced from wood or bio-alcohol to operate cars and engines instead of 
petroleum, for example, in drag cars and Indy cars in the USA.[6,7,8] 
 
 
1.2.2 Formaldehyde properties  
Formaldehyde, H2CO, is also called methanal, , it is a colourless gas with 
a pungent odour, and it melts at -92°C and boils at -21°C. It appears in two 
polymerised forms as a solid. The first contains four carbon atoms, each bonded 
to two oxygen and two hydrogen atoms, as shown in Fig 1.7. The other 
polymerised formaldehyde is polyhydroxyaldehydes, which contains six carbon 
atoms and a four-hydroxyl group, as shown in Fig 1.8. 
 
O O O O O
Polymethylenes    
OO
OO O
H HH
H H
Polyhydroxyaldehdyes  
Fig 1.7 Polymethylenes   Fig 1.8 Polyhydroxyaldehdyes 
 
There is a bond polarity effect on aldehyde that is caused by the polarised 
bond between oxygen and carbon, C==O, where carbon is a Lewis acid by reason 
of its electrophilic negative and positive polarisation. The carbonyl oxygen 
behaves as a Lewis base and has a nucleophile with negative polarisation. 
Aldehydes can be easily converted to carboxylic acid by oxidation, because the 
hydrogen can be removed in the oxidation reaction.  
C
O
H H
C
O
H OH
Formaldehyde Formic acid
[O]
Eq 1.10 
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Aldehydes are easily reduced to alcohol by carbonyl reduction, which 
involves adding a nucleophilic like hydride. The negatively charged hydride ion 
forms an alkoxide ion under basic conditions. The alkoxide ion is an intermediate 
stage before it is protonated to be alcohol, as shown in Eq 1.11.                                                           
C
O  
H H C
H
HH
O   H   H O R
C
OH
H
H
H
OR-
Formaldehyde
+
Alkoxide ion
intermedite
Methanol
Eq 1.11
 
The nuclephilic addition of water to aldehydes forms carbonyl hydrates, also 
called germinal (gem) diols. Gem produces aldehyde again by eliminating water 
and creating equilibrium between the hydrates and aldehydes (Eq 1.12). 
Formaldehyde in its aqueous solution prefers to be in hydrate form more than in 
aldehyde form, where formaldehyde aqueous solution consists of only 0.1% 
aldehyde and 99.9% hydrate.[7] 
H H
O
OH2
C OHH
H
O
H
Formaldehyde
+
Carbonyl hydrate(gem diol)
Eq 1.12
 
 
Methanol is the only feedstock for formaldehyde in the industrial 
production of formaldehyde. There are two manufacturing catalytic reactions for 
formaldehyde. One is oxidation of methanol on a mixture of iron and 
molybdenum, which is called iron molybdate. In this reaction methanol is 
adsorbed on the surface of the iron molybdate, and reacts with lattice oxygen to 
form formaldehyde and water at a temperature of 350°C (Eq 1.13), then oxygen 
gas reoxidized the surface.  
 
CH3OH(g) + ½ O2(g)à  HCHO(g)+ H2O(g) (ΔH298 = - 156 KJ/mo) (Eq 1.13) 
 
The other way of producing formaldehyde is by dehydrogenation of the 
methanol in an endothermic reaction. The reaction takes place at a higher 
temperature than the oxidation reaction, at approximately 600°C, and on a larger 
scale silver catalysts (Eq 1.14). 
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CH3OH(g) à  HCHO(g) + H2(g)  (ΔH = +80 KJ. mol-1) (Eq 1.14) 
 
Formaldehyde is a raw material that is used worldwide in more than 40 
products. It is important in the production of resins and polymers, adhesives, and 
thermoset plastic. It is also used in residential construction, automobiles, civilian 
and military aircraft and health care. It kills most bacteria and viruses, including 
the unwanted viruses in vaccines production. Its derivatives are used in creams 
and beauty products, as an embalming agent, as a fixative for microscopy, and in 
dentistry [9]. Some examples of formaldehyde’s derivatives are in Table 1.1: 
 
Derivative Properties Brief summary of use 
(UF) Urea formaldehyde Resins, thermoset, high 
tensile strength, low 
water absorption, high 
surface hardness 
Adhesives, decorative 
laminates, paper, wood 
glue 
(UFFI) Urea 
formaldehyde foam 
insulation 
Mix of urea 
formaldehyde and foam  
Building walls, saving 
energy 
(MF) Melamine 
formaldehyde resin 
Thermoset plastic, strong  Kitchen, countertops, 
laminate floors, furniture 
(PF) Phenol 
formaldehyde resin 
Thermoset resin, 
produced from phenol 
and formaldehyde 
Circuit boards, lab 
benchtops, adhesives, 
fibreglass, micro-
balloons for density 
control  
(POM) 
Polyoxymethylene 
Thermo plastic, high 
strength and low 
coefficient of friction 
Valves, screws, springs, 
TVs, other electronic 
devices 
(MDI) Methylene 
diphenyl diisocyanate  
Reacts with polyols to 
give polyurethane 
Thermal insulators, 
adhesives, high strength 
glue 
Table 1.1 Derivatives of formaldehyde and their uses 
 
1.2.3 Methanol oxidation selectivity 
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Methanol is converted to formaldehyde in heterogeneous catalysed 
reactions, the oxidation of methanol over an iron molybdate catalyst. Methanol 
molecule reacts with the catalyst surface and forms a methoxy group. This 
happens by losing one hydrogen atom to make the hydroxyl group, causing 
another hydrogen atom to be subtracted that methoxy group by neighbouring 
terminal oxygen, leading to the formation of formaldehyde. The formaldehyde 
molecule then desorbs; and water forms and desorbs. The consumed oxygen from 
the surface will be occupied from the gas phase.  
 
Methanol collides with the surface of the catalyst and sticks to it for a short 
time, when the binding energy barrier has been overcome, the methanol binds to 
the surface chemically and behaves as a Lewis acid by donating one proton from 
its hydroxyl group. Once the hydrogen reacts with the terminal oxygen of the 
metal surface, the methoxy bonds to the Mo of the iron molybdate surface (Eq 
1.15)[10]. 
 
CH3OH(g) + O(t) à  CH3O(a) + OH(a) 
(Ot = terminal oxygen) 
(Eq 1.15) 
 
After adsorption of the methanol, the Mo is reduced to a 5+ oxidation state, 
an intermediate state as illustrated in Scheme 1.1. The bridging oxygen will 
attack the bonded methoxy and take one hydrogen atom to form another 
hydroxyl, as shown in Eq 1.16[11]. 
 
Scheme 1.1 Molybdenum oxidation states during methanol oxidation 
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CH3O(adsorbed) + O(bridging) à  H2CO(gas) + OH(adsorbed) (Eq 1.16) 
 
Mo is in its 4+ oxidation state; later, the formaldehyde desorbs and water is 
formed, as in Eq 1.17. At the end there is one surface oxygen from the two 
hydroxyls, the other having been replaced by anion vacancy, which is then 
reoxidised by ether oxygen from the bulk lattice, as in Eq 1.18, or by consuming 
oxygen gas, as in Eq 1.19. 
2OH(adsorbed) à  H2O(gas) + O(surface) + V(surface)   (Eq 1.17) 
 
V(surface) + O(lattice) à  V(lattice) + O(surface) (Eq 1.18) 
 
2V(surface)(s) + O2(gas) à  2 O(surface)  (Eq 1.19) 
 
Carbon monoxide is one of methanol’s oxidation products, when methanol 
reacts with the metal surface oxygen, forming formaldehyde, which later reacts 
with the extra bridging oxygen and reforms CO and water, as shown in Eq 1.20. 
CO is produced during the formation of formaldehyde. As more formaldehyde is 
produced, the amount of carbon monoxide increases. Carbon monoxide can also 
be produced by dehydrogenation of methanol, which is an endothermic reaction, 
as shown in Eq 1.21.  
 
CH2O(adsorbed) + O(bridging) à  CO(gas) + H2O(gas) + V(surface) (Eq 1.20) 
 
CH3OH à  CO + 2 H2        ΔH = +88 KJ/mol (Eq 1.21) 
 
Another possible side reaction is the formation of HCOOH bonded to the 
surface, which either dehydrates to carbon monoxide and water, or oxidises and 
burns to carbon dioxide and water, as an Eq 1.22 and Eq 1.23. 
 
HCOOH(adsorbed) à  CO(gas) + H2O(gas)   (Eq 1.22) 
 
HCOOH(adsorbed)+ O(surface) à  CO2(gas) + H2O(gas)   (Eq 1.23) 
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Dimethyl ether is the dehydration product of methanol, which is formed 
by eliminating the water molecule from the two methanol molecules reacting on 
the metal surface. The reaction usually occurs at a low temperature at low 
conversion of methanol. The reason behind this is that the Lewis acidity site of 
the catalyst is used to oxidise the methanol. According to the Lewis acidity rule, 
the methanol will be a Lewis base and donate the electron pair to the surface, 
which is then protonated with another methanol molecule on the surface and 
reforms CH3OCH3 and water, as shown in Eq 1.24. 
 
2CH3OH(g) à  CH3OCH3(g) + H2O(g)   (Eq 1.24) 
 
Methane can be produced in a side reaction of methanol oxidation over 
some catalyst. The hydrogenation of methanol generates CH4 and oxygen, as in 
Eq 1.25. It is an endothermic reaction.[10,11] 
 
CH3OH(g) à  CH4(g) + 1/2O2(g)     ΔH = +27 kJ/mol (Eq 1.25) 
 
1.2.4 Thermodynamics and reaction favourability 
Thermodynamics is the field that demonstrates reaction favourable 
pathways, affected by energetics of reactant and products and the change of heat. 
Enthalpy change, ΔH, is how much heat is involved in a chemical system and 
chemical reaction. The enthalpy change for a reaction is difference in enthalpy 
between the products and the reactants, depending on temperature and pressure. 
Eq 1.26 calculates H, where U is the internal energy, P is pressure and V is 
volume. 
 
H = U + PV (Eq 1.26) 
 
The enthalpy change of a reaction could be determined over standard 
conditions of 298.15 Kelvin and 1 bar; which gives the symbol ΔHo. Positivity of 
enthalpy change means that a reaction is endothermic, whereas negativity means 
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that a reaction is exothermic. An example is in Eq 1.27, where ΔHop is enthalpy 
for products (C) and ΔHor is enthalpy for reactants (A+B), at 298 K. 
 
A + B à  C (Eq 1.27) 
 
ΔHo = ΔHop – ΔHor (Eq 1.28) 
 
At a different temperature, the Cp constant is heat capacity at constant 
pressure, which is the required heat to raise the temperature for 1 mole of 
substance, so the enthalpy increases by increase of temperature, as shown in Eq 
1.29. 
 
dH = Cp dT (Eq 1.29) 
 
There are reactions that occur with no change of internal energy, in other 
words, without heat change. There is another factor that drives the reaction route, 
which is entropy, or randomness and disorder of the reaction. An increase of 
entropy means an increase in spontaneous processes. The entropy can be 
calculated as shown in Eq 1.30, where ΔS is the change in entropy from the 
initial state to the final state, and heat is added to the reaction reversibly at a 
temperature T.  
 
ΔS = qrev / T (Eq 1.30) 
 
The change in entropy is calculated at absolute conditions at a 
temperature of 0 Kelvin. The third law of thermodynamics says that entropy for a 
perfect crystal is zero at a temperature of 0 Kelvin. Entropy can also be found at 
standard conditions of 1 bar pressure and 298.15 Kelvins of temperature, ΔS˚ 
entropy for a chemical reaction means the difference in entropies between the 
products and the reactants at standard conditions (298K, 1bar); it is shown in Eq 
1.31 and Eq1.32, where ΔSop is product entropy and Sor is reactants entropy (Sor(A) 
+ Sor(B)). 
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A + B à  C (Eq 1.31) 
 
ΔSo = ΔSop - Sor (Eq 1.32) 
 
Over the range of temperature, Δ Cp, the heat capacity can be calculated, for 
example from T1 to T2, so the entropy will change from Δ ST1 to Δ S T2, as 
shown in Eq 1.33. 
 
Δ S T2 = Δ ST1 + Δ Cp In (T2 / T1) (Eq 1.33) 
 
Gibbs free energy 
Free energy is the relation between the energy change given by a change 
of enthalpy and disorder achievement by a change of entropy. Free energy can be 
negative, which denotes a spontaneous reaction. When it is positive it is non-
spontaneous. Eq 1.34 shows the relationship between free energy, enthalpy, 
entropy and temperature. 
 
G = H – TS (Eq 1.34) 
 
 
The free energy of a chemical reaction means the difference between 
products’ free energy and reactants’ free energy. At standard conditions, which 
are 298.15 Kelvins and 1 bar, Eq 1.35 and Eq 1.36 are examples of Gibbs free 
energy, where ΔGop is product Gibbs free energy and Gor is reactants Gibbs free 
energy (Gor(A) + Gor(B)). 
 
 
A + B à  C (Eq 1.35) 
 
ΔGo = ΔGop - Gor (Eq 1.36) 
 
Table 1.2 shows the thermodynamics of various reactions, depending on 
free energy and temperature. When a reaction is exothermic and has increased 
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entropy, then the reaction is product-favoured, and the increase of temperature 
increases the free energy of the reaction. When a reaction is endothermic and 
entropy decreases, it leads to a reactant-favoured reaction. However, in the case 
of exothermic reaction with decreased entropy, the Gibbs free energy value 
depends on the temperature, which may increase –TΔS > 0, whereas in an 
endothermic reaction with increased entropy the temperature will decrease –TΔS 
< 0, and Gibbs free energy will be more negative.  
  
ΔH ΔS ΔG Reaction status 
Exothermic(-) Increase (+)   Negative (-) Spontaneous 
Endothermic(+) Decrease (-) Positive (+) Non-spontaneous 
Exothermic(-) Decrease (-) Varies 
dependent  
Depends on T 
Endothermic(+) Increase (+) Varies 
dependent  
Depends on T 
Table 1.2 Thermodynamics of various reactions  
 
(dΔG/dT)p = -ΔS (Eq 1.37) 
 
At constant pressure dp = 0, Eq 1.37 shows the dependence of Gibbs free 
energy on temperature. The rule is that with an increase of temperature the Gibbs 
free energy depends on signs.[12] 
 
Thermochemistry and adsorption 
 Adsorption is a chemical process that involves either a real bond between 
the adsorbent and the adsorbate, or just a weak interaction caused by van der 
Waals forces. Adsorption, as illustrated in section one, mainly decreases the 
energy barrier of reactant chemicals after being adsorbed and bonded to the 
surface and then reacts and converts to products. Thus, adsorption depends on 
enthalpy, entropy and Gibbs free energy; it involves change of heat. In the gas-
solid system adsorption is an exothermic reaction, and the heat is related to the 
coverage of gas on the surface. The heat of adsorption is determined using a 
calorimeter, as shown in Eq 1.38, where n is the number of gas mole adsorbed, 
ΔHa is the heat involved, and q is the heat of the adsorption at a constant volume. 
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q = (ΔHa/n) v (Eq 1.38) 
 
A (g) + S à  A-S (Eq 1.39) 
 
ΔG˚ = ΔH˚ - TΔS˚ = - RT log K˚ (Eq 1.40) 
 
The heat of adsorption depends on the coverage; an example is shown in Eq 1.39 
and Eq 1.40, where S is the surface site, A is the gas, which would adsorb, and K˚ 
is the equilibrium constant. The occurrence of adsorption also depends on the 
entropy of the surface. Afterwards, gas may dissociate and react adsorbed 
products, and the products are then desorbed. 
 
Methanol oxidation thermodynamics 
 
Equation ΔH 
kJ/mol 
ΔS 
kJ/mol 
ΔG 
kJ/mol 
CH3OH(g) + 1/2 O2 (g)à  HCHO(g) + H2O(g) -164 -72 -123 
CH3OH(g) à  HCHO(g) + H2(g) +80 -122 +145 
CH3OH(g) à  CO + 2 H2   +88 -245 +218 
CH3OH(g) + O2(g)à  CO(g) + 2H2O(g) -400 -145 -389 
CH3OH(g) + 3/2 O2(g) à  CO2(g) + 2H2O(g) -707 -55 -688 
2CH3OH(g) à  CH3OCH3(g) + H2O(g) -27 +15 -34 
CH3OH(g) à  CH4(g) + 1/2 O2(g) +124 -53 +153 
Table 1. 3 Thermodynamic data for reactions at 250°C 
 
Table 1.3 shows that dehydrogenation reactions are endothermic 
reactions, methanol is dehydrogenated to formaldehyde and hydrogen over a 
silver oxide catalyst, and a large amount of energy is consumed to feed the 
reaction. The oxidation reaction is catalysed by an iron molybdate, the most 
favoured reaction is the combustion of methanol to either carbon monoxide or 
carbon dioxide, or both. However, formaldehyde is produced by the oxidation of 
methanol, which refers to the catalyst surface behaviour that creates the pathway 
for making a methoxy group on the surface and lets formaldehyde form. 
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Dimethyl ether is an exothermic reaction with positive entropy; dimethyl ether 
may form without heat being added, even at low temperatures, because of its 
spontaneity, as seen in Table 1.3. It cannot be the main product because 
production of formaldehyde has more free energy at high temperatures. However, 
some catalysts behave as a Lewis acid and protonate methanol to remove the 
water and form dimethyl ether, even at high temperatures. At high temperatures, 
carbon monoxide and carbon dioxide join to fully combust the methanol. 
Nevertheless, some catalysts just burn methanol to carbon dioxide at low 
temperatures, with 100% yield to carbon dioxide.[13,14] 
 
1.3 Industrial process  
There are two industrial plants for producing formalin, according to the 
catalyst used. Rich methanol, mixed with air (50%v/v), is passed over a silver 
catalyst, where as the iron molybdate process limited concentration of methanol 
(6.7-36.5 vol. % in air) and air. Oxidative dehydrogenation over a silver catalyst 
operates at a high temperature, up to 600°C, and 75% of methanol conversion, 
and 89% formaldehyde selectivity. The rest of the un-reacted methanol is 
recycled. However, silver as a catalyst is sensitive in terms of contamination by 
methanol. Iron molybdate, on the other hand, operates at the lower temperature of 
350°C, yielding 95% formaldehyde with 99% conversion of the methanol. 
Nonetheless, using iron molybdate costs less than using a silver oxide. 
Nowadays, both iron molybdate and silver catalysts are used in formalin 
production plants. 
 
1.3.1 Industrial plant 
An industrial Formaldehyde plant has two major designs, depending on 
whether it is for the dehydrogenation or oxidation process. For an oxidation 
reaction, the plant contains mainly a reactor, a vaporiser, a condenser and two 
absorbers in addition to a formalin tank. The reactor holds up to 16,000 reactor 
tubes. Each tube is 12 to 14 metres in length, and contains an inert ceramic ring 
layer to heat the gases. The next layer has a mix of the inert ceramic and the 
catalyst to stop the hotspot temperature, which will deactivate the catalyst in the 
next layer. Then comes a pure layer of the catalyst; and the last layer is inert, for 
products cooling. The vaporiser is to vaporise the injected methanol with air and 
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push the mix to the reactor. The absorbers allow the separation of formalin, by 
absorbing the formaldehyde into the process water where the pipeline between 
the reactor and the absorber is heated to avoid the polymerisation of 
formaldehyde, and then formalin is stored. Heat is adjusted and controlled using 
HTF, heat transfer fluid. Dowtherm oil is used to transfer heat and adjust the 
temperature in the range of 250°C to 320°C. The temperature of the reactor is 
recorded with a series of thermocouples.    
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Scheme 1.2 Formaldehyde production plant 
 
 
 
Air is compressed into the system using blowers and mixed with recycled 
air to reach a gas mixture of 11% O2. The gas mixture flows into the vaporiser 
where the balance of methanol is sprayed and vaporised, and then the 
methanol/gas flows at pressure of 1.4 bar to the reactor. The methanol/gas enters 
the reactor tubes and is heated by the first inert ceramic ring. The second layer 
controls its temperature, and the third layer is where the pure catalyst reacts. 
Products pass through a further inert ring to reduce the products’ temperature. As 
with the earlier description of heat control, any further increase of the system 
temperature is caused by the exothermic reaction that will be transferred to the 
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condenser. Products leave the reactor and pass outside the vaporiser, outside of 
the incoming methanol. The products’ pipes are heated to avoid polymerisation 
of the formaldehyde; then the formaldehyde is absorbed into the process water in 
absorber 1, the result is reabsorbed by absorber 2, and the formalin is transferred 
to be stored. The production per ton contains 93% of formaldehyde; the rest is a 
mix of CO, unconverted methanol, CO2, dimethyl ether and formic acid. One 
metric ton consumes approximately 425 kg of methanol, 55–65 K Wh electricity, 
0.03–0.05 kg of catalyst and 400 kg of process water. 450-700 kg of steam is 
produced per metric ton, it may sell up to 6000 Great Britain Pound.  
 
1.3.2 Current catalyst in industrial process 
The current industrial catalyst is about 2.1Mo:1Fe iron molybdate, which 
has more of a ratio of the molybdenum element than the stoichiometric 
(1.5Mo:1Fe) Fe2(MoO4)3, the ratio of which is required to avoid combustion of 
the methanol to CO2. The reason behind this is that Mo tends to segregate on the 
surface, which makes the iron molybdate selective to formaldehyde. Iron is in the 
bulk: when the iron molybdate has iron on the surface, CO2 production will be 
too high, and when iron molybdate loses Mo from the surface, the selectivity to 
formaldehyde reduces. Basically, Mo is lost from the surface by changes in the 
oxidation state. This is caused by reduction of the iron molybdate after it has been 
used several times, when the Fe reacts with the Mo and forms FeMoO4 and other, 
less reactive phases.  
 
 Iron molybdate is industrially prepared by the coprecipitation method, in 
which ammonium heptamolybdate (NH4)6Mo7O24 is mixed with iron chloride, 
FeCl3, in solution, and then the pH of the solution is altered until a precipitate 
forms. The precipitate is then filtered and dried. A binding agent is added to the 
dried mix to help in pelletising, and the last step is the calcination of the 
catalysts’ pellets. Iron molybdate has been studied after industrial use, as the 
surface area of the catalyst decreases along the tube. The selectivity of the 
catalyst is lowest at the hotspot point, while its activity above or below is similar. 
Selectivity is higher below the hotspot; whereas above this point the selectivity 
decreases.[6,15] 
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1.4 Metal oxides in catalysis 
There is growing usage of metal oxides in catalysis, especially in 
heterogeneous catalysis, where the catalyst is economically important for 
chemical production. Metal oxides are good because of their surface properties, 
as they have a wide range of catalyst electronic structures and oxidation states, 
which are useful for controlling the selectivity of the desired production.  
 
1.4.1 Properties of metal oxides 
Metals are the transition elements in block d of the periodic table, from 
group 3 to group 12, where they have incomplete electron filling in atomic d 
orbital. The incomplete d orbital enables the transition element atoms to share 
their electrons by donating or accepting electrons from other atoms. Transition 
elements are recognised by having several oxidation states, for example iron is +3 
and +2. This variety of oxidation state is related to the unpaired electrons in the d 
orbital, which allows metals easily to lose or share electrons. However, some of 
the metals have one oxidation state, where the majority of elements in block d 
have multiple oxidation states, especially those in the middle of the block, for 
example, manganese has -1, -2, +1, +2, +3, +4, +5, +6 and +7 oxidation states. 
Also, metals compounds are paramagnetic when their electrons are unpaired in 
the d orbital. Most metal compounds have a high density, boiling point and 
melting point owing to their metal-metal bond, beside their conductivity and 
optical absorption. 
 
 Metals join with oxygen to form metal oxides in many different types of 
chemical bond, starting from the ionic model to the high covalent model, forming 
simple oxides, like CuO, to more complex metal oxides, like FeVO4. Their 
properties depend on their electronic structure, which affect their magnetic and 
spectroscopic properties. Bulk structures of transition metal oxides are described 
by their crystallography, examples to metal oxides structures are rock salt; 
corundum, rutile and spinel. This gives an idea of the oxide structure compared 
with its properties. For example, iron oxide has many different structures: α-
Fe2O3 is a corundum structure, with closely-packed hexagonal oxygen layers, and 
with two-thirds of the octahedra filled and empty tetrahedral. Another structure of 
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iron oxide is spinel, where the two iron oxidation states (Fe2+, Fe3+) are involved 
to form Fe3O4, with half the octahedral and half the tetrahedra filled. Another 
spinel structure is γ-Fe2O3, and this gives an idea of how oxides are different in 
their structure, even one metal oxide, like iron oxide.One metal oxide property is 
that the metal oxidation state can be changed: for instance, molybdenum oxide 
MoO3 can be changed to Mo5+ as an intermediate state or can be further reduced 
to Mo4+. This property of easy oxidation and reduction by formation of an 
intermediate state is important in catalytic reactions. The structure of oxide can 
be determined by X-ray diffraction for bulk structures, whereas the surface 
structure of macroscopic crystals can be determined by low energy electron 
diffraction (LEED). 
 
The surfaces of oxide are part of the whole oxide structure. However, the 
surface and near-surface region are changed to form the surface of an oxide, 
where the rules of forming a surface from bulk is by cleavage to draw the crystal 
plane. Then the atoms rearrange themselves and form a stable state by lowering 
the surface Gibbs energy. However, not all oxide crystals cleave. For example, α-
Fe2O3, hamatite, has a corundum bulk structure, and its surface has (0001), (1011) 
and (1012) planes from the growth of single crystals at specific pressure and 
temperature. In reconstructing the surface, there is the possibility of losing some 
oxygen atoms, which leads to cation reduction on the surface.[16,17] 
 
There are some oxides that are supported by other materials to improve 
some of their properties. Either an oxide is a monolayer stuck on another oxide 
support surface or it has further oxide growth on the support surface, where the 
support behaves as oxide bulk and the surface is oxidised to cover that support. 
This enables control of the catalyst selectivity to the desired products. For 
example, vanadium oxide, V2O5, has a surface plane of (010), but when it is 
supported by TiO2 it shows a plane of (001), and the [VO4] n- group exists on the 
titanium surface. As Fig 1.9 shows, each vanadium is surrounded by 5 oxygen 
atoms, with two in the V=O group, which is not the same as the vanadium oxide 
surface or bulk. This unique structure can be determined by Raman shifts; V=O 
shifts increase in this structure as its peak intensity increases. 
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Fig 1.9 Monovandate on anatase19 
  
There are some factors that make the surface structure different from the 
bulk structure; they are the surface tension or Gibbs energy of the oxide 
components. The adsorbate has an effect on the surface as it lowers the surface 
energy of that solid. Another factor is the adsorption reaction, which causes the 
formation of other compounds in different stoichiometry compared to the bulk, 
either by reduction or oxidation of the surface components. The surface 
electronic structure may separate from the bulk electronic structure because of the 
surface appearance. This electronic structure is called a surface state, and the 
surface state is not fully filled with electrons. They interact with the molecules by 
electronic donation and acceptance between them. or even the molecule reach 
close to surface empty conduction band build pair of states allowing to donate or 
accept electrons between them. The surface state is affected by many factors, 
including the ionicity of the oxide, the ions’ positions, the rearrangement of the 
surface and the change in its structure. This shows that the surface is different 
from its bulk, when the oxygen leaves the surface or when the surface reduction 
changes the surface electronic structure. 
 
The surface of a metal oxide is determined to be unsaturated compared with 
its bulk, as the bulk contains metals and oxygen in order to be fully saturated, 
whereas the surface rearrangement involves breaking the bonds and more free 
bonds, in other words, the surface ions have less neighbour ions than the fully 
packed bulk, which leads the surface to be unsaturated. The surface unsaturated 
sites interact with the atmospheric molecules and bind with them to be saturated, 
which is the reason behind the adsorption of gas molecules on the surface. The 
surface binds to gaseous molecule like water, CO, CO2, NO; these molecules are 
strongly bonded to the surface, and the surface may not be able to bond with 
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another molecule or host more adsorbate. However, the surface of an oxide can 
be treated to clean it of the adsorbed water or other adsorbed vapours by heating 
the surface to a high temperature, up to 400oC, so that the surface will again be 
unsaturated and ready to interact with other gas molecules to act as base or acid 
sites by denoting or accepting electrons. 
 
The catalytic properties of the oxide surface are illustrated by its ability to 
bond with a gas molecule in a gas-solid system, where the gas is chemically or 
physically bonded to that surface in many types of adsorption. The first type 
includes non-dissociative adsorption of the molecules on the surface, by making a 
covalent of σ-bond or π-bond in a single surface ion. The dissociative molecule is 
adsorbed on the surface and separated into two parts with a pair of charged sites 
on that surface. For example, the dissociation of water, which gives hydroxyl 
groups bonded to cation sites and hydrogen allows while migrate to oxygen 
lattice sites to make another hydroxyl group. Furthermore, the adsorption may 
involve an electronic transfer between the adsorbed molecules and the surface. 
This type of adsorption reduces or oxidises the oxide surface because of the 
release or capture of electrons. However, the reduction or oxidation of the surface 
can even include oxygen or proton transfer from the surface to an adsorbate. 
Thus, the properties of the oxide surface make oxides important tools for 
heterogeneous catalytic reaction, where the catalytic reaction can be controlled 
when these properties are understood.[18,19] 
 
1.4.2 Heterogeneous catalytic oxidation by metal oxide 
As illustrated earlier, the main player of the heterogeneous catalytic 
reaction is the surface, where the molecules first interaction with the surface, and 
may dissociate or react with other adsorbed molecules on the surface. For an 
oxidation reaction, molecules are dissociatively adsorbed, and may react with the 
lattice oxygen. The oxidation reaction is affected by the oxidation state of the 
catalyst, where the surface would be reduced by changing its oxidation state as a 
result of the oxygen lattice missing from its structure. Later, fast reoxidation will 
occur to replace the missed oxygen, either from the bulk or from the atmospheric 
oxygen. 
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The way of choosing an oxide starts from the method used in preparation 
and its thermal treatment, as a catalyst can be prepared through many different 
methods, with different levels of heat and pressure. Some of the methods for 
catalyst preparation are co-precipitation, gel formation, and complexion, where 
the first step is to separate the metal ions from the precursor solution at specific 
temperature, oxygen pressure and pH. This results in a precipitate being formed, 
which then can be washed, dried and calcined. Furthermore, there are several 
steps of treatment, like catalyst activation using microwave and ultrasonic waves, 
and promotion using alkali or alkaline. A catalyst can be supported to increase 
the surface area; especially in an oxidation reaction where the reaction heat can 
be high enough to cause sintering and deactivate the catalyst. The methods 
commonly used are impregnation and sol-immobilization. The preparation 
method is an important tool in catalyst performance; it controls the surface 
properties of the catalyst, its selectivity, reactivity, thermal characteristics, 
stability, morphology, mechanical strength, and its cost. 
 
An oxidation reaction means inserting oxygen into a molecule. where the 
catalyst is selective to oxidize molecule like an alcohol to either partial oxidation 
to aldehyde or fully oxidation to CO and CO2, and the catalyst selectivity to 
products is different from catalyst to another, This can be explained through the 
formation of an intermediate compounds that formed on the surface. For 
example, methanol is converted to formaldehyde, where an intermediate methoxy 
group is formed on the catalyst’s surface before it decomposes. The density of the 
active oxygen affects the selectivity, as too many active oxygen ions would lead 
to over oxidation to undesired products, and the low density of the active oxygen 
makes the catalyst inactive. The catalyst acidity may change the selectivity to 
undesired products [20,21]. 
 
1.5 Nanotechnology in catalysis. 
 Nano refers to the scale unit of 10-9 m; this small scale is used as a new 
technology and method for prodiction materials, devices and systems in general. 
Nanoscience is related to nanoscale study, and it determines the nanoscale impact 
on systems, whether molecules or devices and machines, whereas 
nanotechnology is the method used to apply that science in human life by 
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developing and controlling nanosystems, and their novel properties. 
Nanotechnology is new and important in many fields and it has applications in 
medicine, engineering and natural science. 
 
1.5.1 Nanocatalysis. 
 Chemical nanotechnology is about materials in their nanosystems, which 
show other properties compared with the larger scale systems. Nanoparticles have 
different properties compared with the larger particles, that is, different atom 
arrangements, electronic structure, reactivity, conductivity and magnetic 
properties. The proof of the size dependence of properties is to measure the bulk 
properties and then measure them when their sized is reduced to nanoparticles. 
The smallest nanoparticles are in a face-centred cubic (FCC) structure, which is a 
centred atom (black circle) surrounded by 12 atoms (white circle), as in Fig 1.10. 
This is an example of how crystals start and grow for FCC nanoparticles. If 
another layer is added to this layer, containing 42 atoms, so, the structure 
contains 55 atoms, which is called the structural magic number for “n” layers 
(N=1/3[10n3 – 15n2 + 11n – 3]), and N=1, 13, 55, 147,…, to large nanoparticles. 
For example, Au55 has pure FCC nanoparticles and is very reactive with a short 
lifetime, which can be stabilised by adding other ligand atoms between its atoms, 
like Au55(PPh3)12Cl6. In Fig 1.10, there are 12 atoms on the surface and one atom 
is centred, which means that around 92.3% of the atoms are on the surface. That 
percentage decreases with larger particles, as the number of surface atoms is Nsurf 
= 10n2- 20n + 12. For example, N surface for 55 atoms in the FCC nanoparticles 
is 42 atoms, so 76.4% of atoms are on the surface, for one layer is 100% atoms 
are in the surface[22].  
 
Fig 1.10 FCC nanoparticles structure22 
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Nanoparticles are characterised as high surface materials and their surface 
atoms are all ready to react with molecules, though they tend to sinter together to 
form larger particles affected. The most common preparation method of 
nanoparticles is bing supported for catalytic reaction. Nanoparticle properties 
start from the surfaces. The surface energy of nanoparticles is greater than that of 
larger particles, which then affects the surface stress and the lattice parameter, so 
nanoparticles prefer to be in core spherical particles, and their equilibrium shape 
is as shown in Fig 1.11 below, where (a) is an icosahedron, (b) is a truncated 
octahedron, and (c) is a decahedron. Nanoparticles commonly tend to be 
icosahedron shaped as it involves more edge sites, as with the decahedron. 
However, the smallest energy planes are (100) and (111), and can be found in the 
truncated octahedron shape. 
 
Fig 1.11 Nanoparticles stable shapes23 
 Supported nanoparticles are affected by interaction with support particles, 
as described by the Wulff-Kaichew theorem (Δh/hs = β/ϒ), where Δh is the work 
needed to split the supported particles from the support surface, β is the adhesion 
energy, hs is the plane central distance, and ϒ is the surface energy. So, stronger 
interaction between supported particles and the support surface particles tends to 
form flatter particles on the support. However, particles sizes are also affected by 
many other factors, for example, temperature.[23] 
  
 The melting point is also changed as the particle size changes compared 
with bulk materials. As the particle size decreases, its melting point decreases as 
well. This is described using Pawlow’s law in Eq 1.41, where T is the melting 
point of the crystal and Tm is the bulk melting point, γ is the surface energy for 
solid and liquid (as denoted ‘s’ for solid and ‘l’ for liquid), ρ is the density of 
solid and liquid (also noted as ‘s’ for solid and ‘l’ for liquid), L is the fusion heat 
and R is the crystal radius. Most nanomaterials show melting point depression 
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caused by the increase of their surface to volume ratio. This is the reason behind 
the change in their thermal properties, which is not the same case for bulk 
materials. As an example of that, gold nanoparticles melt at approximately 300oC 
for 2.5 nm particles, whereas bulk gold has a melting point of 1064.18oC.  
 
 
Eq 1.41 
 
 The electronic structure of bulk materials determines their solid 
properties, but for small nanoparticles it is different, as most of the particle atoms 
are located on the surface. The width of valence band is reduced and its gravity 
centre moves toward Fermi level, as a result of low coordination, especially in the 
edge atoms like atoms in the corners, and that increases the localization of the 
valence band, where the shift of d band centre to Fermi level decreases the 
dissociation barrier of the adsorbed energy and also increases its adsorption 
energy. 
 
 In catalysis, the most important aspect of a catalyst is its reactivity in 
terms of how selective and active the catalyst is. It is well known that 
nanoparticles are active materials in catalytic processes, as their molecules 
interact more than those in bulk materials, and they are active at low temperature 
in most cases. Nanoparticle reactivity is changed by many factors. Where a 
support is involved in the molecule adsorption, the molecules are adsorbed 
physically and then adsorbed chemically on the catalyst. In other words, the 
support can make the catalyst more active for the adsorption reaction. Another 
factor is morphology. For reduction of NO by CO on Pd/MgO, three catalysts 
were chosen to determine the morphology effect. The largest was the least 
reactive, although the middle size particle was more active than the smallest 
particle. The reason behind this was that the large size has many (100) planes, 
which are less reactive than the (111) planes in the middle size particle, which 
has a truncated octahedron shape with (111) and (100) planes; whereas the 
smallest particle has (111) planes and the edge sites effect is not seen in small 
particle size. The effect of the edge sites is by their low coordination compared 
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with other sites, which moves the d states close to the Fermi level, and increases 
the adsorption energy as well as reducing the dissociation barrier.[24] 
 
1.5.2 Catalysis by nano-gold. 
 Nanoparticles of gold were first prepared by Faraday in 1857, by reducing 
an aqueous solution of AuCl-4 with phosphorus in carbon disulfide (CS2). 
However, nanoparticle gold is prepared using the verity method in recent papers. 
It is prepared as protected nanoparticles to make monolayer on support from 
colloidal solution, HAuCl4 is an aqueous solution and is protected by tetra octyl 
ammonium bromide to protect the particles size from 1–5 nm. It is reduced in the 
presence of the surfactant by sodium borohydride (NaBH4) as reduction agents, 
as in Fig. 1.13. However, in sol-immobilization, the phase-transfer agent is 
polyvinyl alcohol (PVA), which is then filtered and washed using a sol-gel filter.  
 
 
Fig 1.13 Protected transfer of gold nanoparticles[25] 
 
 There are many tools used for the characterisation of gold nanoparticles; 
Uv/Vis absorption spectroscopy is one of the important techniques for 
nanoparticles. It determines particle size and shape through the surface plasmon 
resonance; it measures the frequency of the plasmon absorption band (ωp), where 
ωp= πNe2/m, N is the free electron density, (e) is the electron charge and (m) is 
the mass; and it is an excitation of the conduction band electrons by 
electromagnetic radiation, which is a collective oscillation of valence electrons. 
Furthermore, the structure of the gold particles is determined by X-ray diffraction 
(XRD), transmission electron microscopy (TEM), atomic force microscopy 
(AFM) and scanning tunnelling microscope (STM), whereas the surface 
components and oxidation state are determined by X-ray photoelectron 
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spectroscopy. Moreover, IR is a powerful technique for adsorbate in the surface; 
it is commonly used for in-situ analysis. 
  
 In heterogeneous catalysis, gold was known as an inactive catalyst. 
However, it was later discovered that nanoparticles of gold on support are very 
active at low temperature for CO oxidation. Nanoparticles gold was reported by 
Hutchings[26] to be a good catalyst for ethyne hydrochlorination at a low 
temperature, near to 180oC, which makes it a better catalyst than mercury 
supported on chloride catalysts, as the nano-gold catalyst is less poisoned by 
reactants. Further treatment of NO has been applied to avoid the catalyst being 
deactivated at temperatures higher than 100oC.  
 
 Likewise, nano-gold is an effective catalyst in oxidation reactions. The 
oxidation of CO on supported gold nano-crystals shows enormous activity. The 
temperature of the reaction is less than 0oC, as was first discovered by Haruta.[26] 
However, nano-Au/ZnO is an example of a very reactive catalyst for CO 
oxidation. Another catalyst is nano-Au/α-Fe2O3, which is used for CO oxidation 
at low temperatures, close to 25oC. From this, it can be recognised that 
supporting nanoparticles of gold with an oxide makes it a very active catalyst at 
low temperature, where the activity enhanced by the gold nanoparticles is 
attached to the support. Furthermore, the oxidation reaction of the nano-gold 
supported catalyst is active for alcohols, alkanes, alkenes and even hydrogen 
oxidation to hydrogen peroxide. 
 
 There is a huge debate about the calculation and experimental 
determination of gold nanoparticle structures. The most well-known structure is 
shown in Fig 1.14, where (a) is a truncated octahedron, (b) is an icosahedron, (c) 
is a Marks decahedron and (d) is a cub-octahedron. The most common structures 
are the truncated octahedron and the decahedron (Marks), although the rest of the 
structures are active in some cases. For example, Au/MgO has an icosahedron 
structure and Au/TiO is a cub-octahedron. However, their two-dimensional 
structure is far from the FCC structure. It is too small, with particles normally 2 
nm and less, and has fewer layers (a monolayer or two layers). These catalysts 
are very active, like those used for CO oxidation.[27] 
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Fig 1.14 Gold nanoparticles shapes[27] 
 
 
1.6 Iron molybdate and relative oxides 
 The current catalyst for methanol oxidation is iron molybdate, 
Fe2(MoO4)3, as illustrated earlier in this chapter, which is the most selective 
catalyst to formaldehyde. It yields 90% formaldehyde, and the rest is dimethyl 
ether at low temperature. Iron oxide catalyst is a combustor catalyst, and 
methanol is converted to CO2 during any conversion, even at low temperature. 
However, it is active catalyst and converts methanol at approximately 180oC. The 
molybdenum oxide catalyst is selective to formaldehyde near to 100%, but the 
catalyst is not very active. It does not convert all the methanol, even at high 
temperatures of 500 oC, and its selectivity to formaldehyde decreases with 
increasing temperature, which makes it a poor catalyst. Thus, the iron molybdate 
is more selective than iron oxide and more active than molybdenum oxide.[11] 
 
There are many forms of iron oxide: haematite (α-Fe2O3), magnetite 
(Fe3O4), maghemite (γ-Fe2O3), β-Fe2O3, e-Fe2O3 and FeO; but the common 
catalyst is hematite. Hematite has the hexagonal close-packed structure of oxygen 
layers and octahedron iron atoms between two sheets of anions, with space group 
R3c, and close packed staking anions of ABAB[001], where the lattice 
parameters are a=0.5034 and c=1.3752. Methanol is adsorbed on the surface of 
iron oxide and dissociated to methoxy and hydroxyl groups adsorbed on the 
surface. Further oxidation of the methoxy group occurs by the surface oxygen 
bonding formate to the surface and then to CO2. In other words, iron oxide burns 
methanol to give H2, CO2, CO, and water.[11,28] 
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Although the most common forms of molybdenum oxide catalysts are 
MoO3 and MoO2, they have different oxidation states, and their structures and 
catalytic behaviours are also different. Molybdenum trioxide is known as α-
MoO3 and β-MoO3. The α-MoO3 crystal structure is orthorhombic and Pnma 
spacing group, and its layers contain a molybdenum octahedral oxygen structure 
such as MoO6. Each molybdenum atom is linked to common oxygen corners, 
common oxygen and edge oxygen. These oxygen atoms are bonded to one 
molybdenum (terminal oxygen), and asymmetric oxygen is bonded with two 
molybdenum and symmetrical bridging oxygen bonded to three molybdenum, 
where the lattice parameters are a=3.962, b=13.858 and c=3.607. The monoclinic 
β-MoO3 has a spacing group of P21/c, and lattice parameters of a=7.122, b=5.374 
and c=5.565, which is similar to ReO3 and has octahedral oxygen layers. 
Moreover, MoO2 is monoclinic in structure and has a P21/n spacing group; its 
lattice parameters are a=5.607, b=4.860, c=5.537, and ß=119.37.[29] 
 
Methanol adsorbs physically on the surface of molybdenum oxide at 
23oC, but the chemisorption starts at (activated adsorption) 100oC leading to the 
making of a real molybdenum methoxy group bond (Mo-OCH3). Then 
formaldehyde is formed and desorbed at approximately 250oC, but there is also 
production of CO and CO2 at high temperature owing to the methanol and 
formaldehyde being fully oxidised. However, the methanol is adsorbed weakly 
on the surface of molybdenum oxide, where the molybdenum catalyst contains a 
large (010) face, which is the best for achieving methanol oxidation to 
formaldehyde, but is not involved in the reaction below 100oC. It contains Mo=O 
bonds, which become more active when the temperature increases and react with 
the methanol. The orthorhombic single crystal of MoO3 shows that the main 
product from the (010) face is formaldehyde, and dimethyl ether is the main 
product of (001 + 101) faces at low temperature. Formaldehyde formation leaves 
the molybdenum atom in a lower oxidation state, as the oxidation process leaves 
the surface with one oxygen atom missing. So, Mo6+ will be reduced to Mo+5 by 
formaldehyde desorption, and then further reduced when water decomposes and 
molybdenum becomes Mo4+. The end of this reaction is reoxidation of Mo4+ to 
Mo6+ by either the bulk oxygen or the gas-phase oxygen.[14,30,31,32] However, the 
MoO2 catalyst is more active than the MoO3 catalyst, but it is not as selective to 
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formaldehyde compared with MoO3. When the MoO2 catalyst is activated by 
increasing the temperature, its selectivity to formaldehyde decreases to the point 
that the catalyst changes its behaviour and starts to become more selective to 
formaldehyde. That is the point or temperature where the MoO2 is being oxidised 
to MoO3, and it confirms that MoO3 is the selective phase, whereas MoO2 mainly 
produces CO, and it is oxidised to MoO3 in gas oxygen.[11,33] 
 
 Molybdenum oxide catalyst is the selective catalyst for methanol 
oxidation, but it is a poor catalyst because it does not convert all the methanol to 
formaldehyde. Iron molybdate is the more active catalyst and is as selective as 
molybdenum oxide alone. Iron molybdate’s structure is described in two phases 
of monoclinic and orthorhombic structures; monoclinic iron molybdate has lattice 
parameters of a=15.73, b=9.231, and c=18.22, as in Fig 1.15(a), where the SEM 
image is of both monoclinic and orthorhombic structures of iron molybdate. Fig 
1.15(b), however, shows orthorhombic Fe2(MoO4)3 with lattice parameters of 
a=12.86, b=9.246, and c=9.333.0 Both structures are fabricated by the co-
precipitation method in the aqueous phase, where the main factors are pH value, 
reaction temperature, concentration and reaction time. Monoclinic iron 
molybdate is prepared in approximately pH 1–1.65, from iron nitrate and 
ammonium heptamolybdate. The orthorhombic iron molybdate is prepared using 
the same method but the pH value is 3. However, pH is not the only factor in this 
method: temperature can affect it too, where decreasing the reaction temperature 
builds smaller particles. Another factor is the concentration of iron nitrate. The 
stoichiometric iron molybdate (Fe2(MoO4)3), which has a ratio of 1Fe:1.5Mo, is 
built in particles sized smaller than 2.2 iron molybdate, because it has a more 
concentration of iron than 2.2 iron molybdate. Monoclinic iron molybdate is a 
pale green powder and orthorhombic is a light yellow powder. Their different 
properties can be obtained according to their synthesis conditions of temperature 
and pH value. For example, the surface area of the orthorhombic structure is 24 
m2/g, when the catalyst is prepared in pH 3 and at 140oC; the monoclinic 
structure has a lower surface area using BET surface area measurements.[34] 
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Fig 1.15(a) Monoclinic structure  Fig 1.15(b) Orthorhombic structure 
  
 
Several methods have been improved to prepare an iron molybdate 
catalyst rather than co-precipitation, which requires heat for the synthesis reaction 
and for calcination. The sol-gel method was used to prepare the iron molybdate 
with a chlorinated species that has an effect on the selectivity to formaldehyde 
but negatively affects the catalyst’s activity. The catalyst was prepared in this 
method by dropping an iron solution on an organic acid medium containing 
molybdenum; no precipitate was formed, and the mix was then heated to 
evaporate the water. Using this method, the result is iron molybdate with a higher 
surface size compared with catalysts prepared by the co-precipitation method. 
Besides, there are other methods like the reaction of MoO3 with Fe2O3 at 
temperature of 700oC, or just a physical mix of these two oxides.[10] 
 
 There are two main forms of iron molybdate: ferric molybdate, 
Fe2(MoO4)3, and ferrous molybdate, FeMoO4. Ferric molybdate is the active 
catalyst for methanol oxidation, but ferrous molybdate is one of the possible 
compounds that appears after ferric molybdate reduction during methanol 
oxidation. Ferrous molybdate is formed in three structures: α-FeMoO4 is a 
monoclinic structure with lattice parameters of a=9.807, b=8.950, c=7.659 and 
ß=114.02; ß-FeMoO4 has lattice parameters of a=10.301, b=9.402, c=7.053, and 
ß=106.28; and the third structure is FeMoO4-II, which is formed at high pressure 
and has lattice parameters of a=4.708, b=5.701, and c=4.944.[35,36,37,38] The 
formation of α-FeMoO4 and ß-FeMoO4 during methanol oxidation depends on 
the temperature when the methanol contacts the catalyst to act as redox agent. α-
FeMoO4 is formed at temperatures below 300oC, as it has Mo in the octahedron 
coordination, whereas ß-FeMsoO4 is formed at temperatures above 300oC, and 
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has Mo in tetrahedron. Both catalysts are reoxidized by the gas oxygen: α-
FeMoO4 gives MoO3 and Fe2O3; whereas ß-FeMoO4 gives Fe2(MoO4)3 and 
Fe2O3.[10] 
 Stoichiometric ferric molybdate is the active phase for methanol 
oxidation, where Mo is tetrahedral and Fe is octahedral. Each FeO6 octahedron is 
surrounded by six atoms, while tetrahedral MoO4 is linked to four atoms. Each 
unit cell contains 16 FeO6 and 24 tetrahedral MoO4, and each oxygen is 
connected to one Fe and one Mo, where the oxygen-metal-oxygen is bonded at an 
angle of 109o for tetrahedron and 90o in the octahedron structure. However, as the 
catalyst changes its active phase to form other compounds, like FeMoO4, which 
is poor for methanol oxidation to formaldehyde, to avoid deactivation of the 
catalyst and not be fully reduced, extra Mo is added to the catalyst above the 
stoichiometric ratio 1.5. There are several ratios being used in industrial plant, for 
example 3Mo:1Fe, in which excess Mo has an effect on the structure, as it 
replaces the octahedral Fe3+, where the Mo tends to segregate on the surface of 
the iron molybdate, for both stoichiometric and Mo-rich iron molybdate. Bowker 
et al.[15] have studied the surface changes of the 2.2Mo:1Fe iron molybdate 
catalyst during methanol oxidation in aerobic and anaerobic conditions. The 
results obtained show the reduction of MoO3 to MoO2 and the appearance of α-
FeMoO4 beside Mo4O11 (intermediate phase between MoO3 and MoO2) at a 
temperature of 250oC. The selectivity to formaldehyde decreases from 80% to 
40% and lower with the increase of temperature, which causes a full change of 
Fe2(MoO4)3  and MoO3 to Mo4O11, MoO2, α-FeMoO4, ß-FeMoO4. Moreover, any 
excess change of Mo Fe2O3 to Fe2(MoO4)3, as some confirmed that the active 
phase of iron molybdate catalyst is the one with ratio of Mo/Fe = 1.7 [10]. 
  
 Iron molybdate was promoted by doping promoters; these promoters were 
added to increase the catalytic performance of iron molybdate, with elements like 
vanadium, tungsten, chromium, cobalt, nickel, tellurium and magnesium. For 
instance, Cr was doped on iron molybdate. It increases the surface area compared 
with the unpromoted catalysts, which leads to increase in its catalytic activity, but 
some papers confirmed that Cr decreases formaldehyde selectivity. However, 
some papers show that Cr promotion increases the catalyst selectivity, and that a 
Cr doped catalyst is more stable for long-term use. Tungsten was added to iron 
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molybdate in the co-precipitation method, the result being more active and 
selective than iron molybdate not promoted by WO3. Moreover, other elements 
like Ni and Co when added to iron molybdate decrease its selectivity [40,10]. 
 
 In the industrial application of iron molybdate, the catalyst is active up to 
12 months, as iron molybdate is deactivated during this time. The result is less 
selectivity to formaldehyde and the production of other undesired products. The 
active phase of iron molybdate is the stoichiometric iron molybdate with 
molybdenum oxide segregated on the surface. Mo is volatised from the catalyst 
surface during methanol oxidation. The volatility of Mo increases with the 
increase of methanol concentration and the decrease of oxygen partial pressure, 
as methanol is separated into methoxy groups bonded to the Mo atom on the 
surface. Then the Mo is slowly volatised as gaseous Mo-OCH3, and the region of 
the volatile Mo-OCH3 is the hotspot. It then travels to a colder region, in which 
the catalyst activity and selectivity, and the mobile Mo-OCH3 enhance other Mo 
sites to be volatilised as well, which can be cleaned by a methanol-He stream at 
250oC. FeOx can be formed in the surface region, but the excessed Mo will 
recover the missed Mo sites and overcome the formation of FeOx. During 
methanol oxidation that involves a reduction of the catalyst, other phases are 
formed rather than the active iron molybdate, like α-FeMoO4, β-FeMoO4, MoO2, 
FeOx and Mo4O11, where these are not the active forms for methanol oxidation to 
formaldehyde.[39,40,41] 
 
 Nowadays, the current selective catalyst is iron molybdate, while other 
catalysts are being investigated and used as selective catalysts. A silver catalyst 
was the selective catalyst used instead of iron molybdate. It is a pure metal of 
99.99% Ag in forms like wire and fine gauze with a low surface area (0.1 m2g-1). 
However, 50% of commercial formaldehyde production is based on silver 
catalytic reaction, which involves dehydrogenation of methanol to formaldehyde 
and hydrogen as endothermic reaction. The next reaction is the oxidation of 
hydrogen to water as exothermic reaction and to boost the dehydrogenation 
equilibrium to formaldehyde side. A silver catalyst is 90% selective to 
formaldehyde, but not all the methanol reacts, as the conversion of methanol 
reaches 75% and the rest, the unreacted methanol, is separated and recycled. 
 37 
Also, the reaction requires much more heat compared with an iron molybdate 
catalyst, where the reaction temperature is 580oC. On silver, methanol is rich 
(50% v/v in air), as well as the lifetime of a silver catalyst being only several 
months as it can be contaminated by flow gas. Economically, a silver catalyst is 
flexible and easy to operate but it costs more, where it is used for large industrial 
plant. The presence (O2(g)) of oxygen is important for methanol dehydrogenation 
to formaldehyde, as it activates the silver catalyst, and the oxygen is adsorbed 
weakly on the surface of the silver to make it ready for the methanol to be 
adsorbed. The adsorption of oxygen can be described in two ways. The first 
includes a weak adsorption on the surface of the silver, while the second includes 
absorption of the silver lattice with a strong bond. For methanol conversion to 
formaldehyde, the lattice oxygen is involved in the reaction, whereas the weak 
absorbed oxygen is responsible for CO2 formation, as it forms HCOOH as an 
intermediate state that then decomposes as carbon dioxide and hydrogen.[10,42,43] 
More detail on individual academic contributions will be provided in the 
introductions to chapters 3, 4 and 5. 
 
1.7 Aims and objectives 
 The first target is to scan single oxides for their selective to formaldehyde. 
Elements were mainly chosen in this study that are in the same regain of the  
periodic table in order to see: i) any elements behave similar to molybdenum and 
ii) to determine what reason is that makes MoO3 selective. However, some other 
elements were chosen that have different properties such as their oxidation state. 
These single oxides date may help us to predict effective properties in the 
selectivity of methanol oxidation to formaldehyde. Chapter 3 contains the 
catalytic determination of single oxides catalysts, and comparison is made with 
selective catalyst, and with molybdenum oxide. 
 
 Moreover, from the single oxides work, oxides can be found to show 
selectivity to formaldehyde when prepared in more complex oxides, either by 
changing the anion or cation. The aim here was to replace Mo by other selective 
elements, as was discovered from their single oxide behaviour, and iron too was 
to be replaced by other elements that showed activity in their single oxides form. 
The target in Chapter 4 of using other element combustions instead of iron 
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molybdate is to control the selectivity and activity by making a new catalyst that 
is more active in converting all methanol to formaldehyde with less heat needed 
for the catalyst activation. This would result in reduced cost and is 
environmentally greener. The target of the selectivity study is to reach a better 
selectivity than that of iron molybdate, which is 95%. 
 
 Chapter 5 illustrates another point of study in this research, which is that 
doping an iron molybdate catalyst with other selective elements might improve 
its selectivity. Another was to to support elements on large surface area materials 
like carbon, as it is known that molybdenum oxide is poor in terms of activity due 
to its low surface area. It has a surface area of only 1m2g-1, whereas iron 
molybdate has a surface area of 5 m2g-1, and is more active than molybdenum 
oxide. Furthermore, nano-gold catalysts are very active catalysts, as shown in 
recently published papers, so it was worth testing Au doping methods for 
methanol oxidation to formaldehyde. 
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2. Experimental  
 
 
2.1 Introduction 
The experimental chapter considers the materials and analysis used in the 
methanol oxidation study. The first part of the chapter explains the preparation 
methods with regard to all the catalysts that were used in two experiments, and 
their reactivity using a pulsed flow reactor for each catalyst. The first experiment 
is Temperature Programmed Reaction (TPR), while the second experiment is the 
Temperature Programmed Desorption (TPD). The characterization of a limited 
number of catalysts is carried out by Raman spectroscopy, X-ray diffraction 
(XRD), X-ray photoelectron spectroscopy (XPS) and through the use BET 
surface area measurements.  
 
2.2 Catalyst preparation 
 The catalysts in this research were prepared by more than one method as 
will be described in more detail for each method. Some of the materials were 
bought commercially from scientific research suppliers which meet the standard 
required for methanol oxidation. 
 
2.2.1 Industrial catalysts 
 A number of single oxides were purchased from Sigma Aldrich as 
follows: vanadium oxide (IV) V2O4 (99.9%), molybdenum (IV) oxide, MnO2 
(≥99.99%), niobium (V) oxide Nb2O5 (99.99%), tantalum (V) oxide (99.99%), 
cobalt (II) oxide (99.99%), copper (I) oxide Cu2O (≥99.99%) and rhenium (VI) 
oxide ReO3 (99.99%). 
 
2.2.2 precipitation method 
 Co-precipitation means the formation of a precipitate for substances under 
specific conditions of temperature and pH, where pH is the main factor in the 
formation of the precipitate. The method which was used for a single oxide starts 
with the soluble salt of the metal in acidified water to pH 2. The first application 
of this method is the preparation of manganese (III) oxide by the addition drop-
 42 
wise of solution which contains the desired amount of manganese nitrate hydrate 
(Aldrich=99.99%) dissolved in 50 ml water, dropped into 100 ml water acidified 
to pH 2.  The mixture was heated up to 60 oC with stirring. With the consumption 
of the manganese solution, a precipitate appears.  The mixture was then heated up 
to 90oC to evaporate the water. The next step was to dry it in an oven at a 
temperature of 120oC overnight. The last step was calcination at 500oC for 48 h.  
The same method was used for the rest of the single oxide catalysts.  However, 
the raw salts are different as follows: iron nitrate (Aldrich=99.99%) produced 
iron oxide Fe2O3 haematite; ammonium hepta-molybdate (Aldrich=99.98%) 
produced molybdenum (VI) oxide MoO3; vanadium (V) oxide V2O5 was 
obtained from ammonium meta-vanadate (Aldrich=99.99%), chromium (III) 
oxide Cr2O3 produced from chromium nitrate none-hydrate (Sigma-
Aldrich=99%); ammonium para-tungstate hydrate (Aldrich=99.99%) converted 
to tungsten (VI) oxide WO3, and copper (II) oxide formed from copper nitrate 
hydrate (Aldrich=99.999%). 
 
The other use of the co-precipitation method was to form complex oxide 
catalysts, where the stoichiometry iron molybdate Fe2(MoO4)3 was made by iron 
nitrate (Aldrich=99.99%) dissolved in 50 ml of deionized water added drop-wise 
in a solution of ammonium hepta-molybdate (Aldrich=99.98%) and 100 ml 
deionized water which was then acidified to pH 2. The temperature of the 
reaction was 60oC with stirring throughout. After the precipitate formed, the 
temperature was increased up to 90oC for water evaporation, then the precipitate 
was dried overnight in an oven at 120oC. The last stage was calcining at 500oC to 
let molybdena segregate on the surface of the iron molybdate. There was also the 
preparation involving a further addition of molybdena on iron molybdate. The 
addition of molybdena depends on the ratio of iron and molybdenum chosen. The 
stoichiometric iron molybdate has a ratio of 1.5Mo: 1Fe, whereas the ferrous iron 
molybdate (Fe2 (MoO4) 3) has a 2.2Mo:1Fe ratio. The addition was to add more 
ammonium hepta-molybdate which reacted with same amount of iron nitrate. 
Iron niobate, FeNbO4, was produced using the same method used for the iron 
molybdenum preparation, where the raw salts were iron nitrate which reacted 
with ammonium niobate oxalate hydrate. 
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More catalysts were prepared in a similar fashion to the iron molybdate 
preparation method, and even with more than one ratio. Iron vanadate FeVO4 was 
prepared using a solution of the desired amount of iron nitrate with 50 ml 
deionized water, which was added drop-wise to a solution of the desired amount 
of ammonium meta-vanadate dissolved in 100 ml deionized water, after being 
acidified to pH 2, with stirring and heating at 60oC.  It was then heated to 90oC, 
then dried overnight at 120oC. The result was calcined at 500oC for 48h. Iron 
vanadate has a 1V to 1Fe ratio in its single phase FeVO4, but there are two other 
ratios (FeVO4.xV2O5) which were prepared by adding more ammonium meta-
vanadate to achieve a 2V: 1Fe ratio and a 3V: 1Fe ratio.  
 
Through the same method, iron tungstate was prepared from ammonium 
tungstate and iron nitrate in two different ratio. The stoichiometry phase is Fe2 
(WO4)3 with a ratio of 1.5W to 1Fe, although, Fe2(WO4)3 x WO3 has more access 
to tungsten oxide on the iron tungstate surface referred to by the ratio of 2.2W: 
1Fe. 
 
Furthermore, copper molybdate, CuMoO4, was prepared from copper 
nitrate and ammonium hepta-molybdate, in the same way as the iron molybdate 
preparation method which was described earlier. Furthermore, the stoichiometry 
of copper molybdate is 1Mo:1Cu, while both 1.5Mo:1Cu and 2Mo:1Cu were 
tested in this study. Manganese molybdate, MnMoO4, was prepared by a reaction 
of manganese nitrate and ammonium hept-molybdate as descried for the iron 
molybdate preparation method. Nevertheless, the manganese molybdate single 
phase was 1Mo:1Mn ratio, whereas increased amounts of molybdenum on 
managanese molybdate achieved ratios of 1.5Mo:1Mn and 2Mo:1Mn, both of 
which were tested.  
 
2.2.3 Incipient wetness impregnation 
The impregnation method is quite a common technique for heterogeneous 
catalyst preparation. It is one of the methods for covering the surface of a catalyst 
through the use of incipient wetness impregnation. Principally, the metal 
precursor is dissolved in an aqueous solution which is then added to support; the 
support has pores which will be filled by the full volume of metal solution when 
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added. The concentration of the surface coverage is the same as the metal 
precursor concentration in its solution. It is important to know the liquid volume 
needed to fill the support pores. The mixture of the metal precursor and the 
support should then be dried and calcined to evaporate any volatile substances. 
 
  The impregnation method used in this study was to take 1g of a support, 
for instance, iron molybdate (2.2Mo:1Fe), which was then filled by a known 
volume of deionized water. Any more addition of the liquid would make the iron 
molybdate wet. In another way, the precursor metal weight should be dissolved in 
a volume of water in the same way as iron molybdate is consumed from water. 
Furthermore, the same situation was used for carbon support and iron oxide. The 
precursor metals and supports which were chosen in this study are listed in table 
below: 
 
Precursor  Support Concentration Water 
WO3  
 
Fe2(MoO4)3 
 
 
2% 
 
 
0.33 ml 
V2O5 
Fe2(WO4)3 
FeVO4 
CuMoO4 
MnMoO4 
MoO3 Carbon 6% 1.95 ml 
MoO3 Fe2O3 3% 0.45 ml 
Table 2.1 Catalysts prepared in the lab. by impregnation 
 
 Once the volume is known with regard to filling the support pores, the 
next step was to determine the total surface area of the support. For example, 
tungsten oxide was impregnated on iron molybdate, where the surface of the iron 
molybdate was 5 m2g-1. So 0.25% of WO3 was the W sites per g, and each mole 
has an Avogadro’s number  times the atomic number. The weight of W which 
was then needed to fill the surface was calculated from its moles. The last step of 
the calculation was to calculate the W weight from its raw material which was 
ammonium para-tungstate. Then the amount which would have to be dissolved in 
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0.33 ml of deionized water was calculated to add to the dry iron molybdate. The 
mix was dried at 120oC overnight. Before using the catalyst, it was calcined at 
400oC  for 1 hour. The same calculation was used for the rest of the impregnated 
catalysts in the table above, in terms of the surface area for carbon (600 m2g-1) 
and iron oxide (10 m2g-1).  
Calculations: (Tungsten as an example) 
1. W sites = (No. of W atoms in WO3) x (Support surface area (Fe2(MoO4)3)) x 
(No of sites in 1 g of support (1019). So, W sites = 0.25 x 5m2/g  x 1019 = 1.25 
x 1019 sites of W / 1g of Fe2(MoO4)3 for 1 monolayers. 
2. W sites 1.25 x 1019 x 2 (monolayers) = 2.5 x 1e19 W sites/ Fe2(MoO4)3. 
3. 2.5 e19 W sites was tungsten concentration in 0.33 ml solution, but in 5ml 
solution, W sites = (2.5 e19 x 5)/0.33 = 3.8 e20 W sites. 
4. W moles = W sites (3.8 e20)/ Avogadro’s constant (6.0221417930 e23) = 6.31 
e-4 mole. 
5. W weight form moles = W moles (6.31 e-4 mole) x W molar mass (183.85 
g/mole) = 0.11601 g. 
6. W weight was taken as (NH4)10(W12O41). 5H2O, so, weight need to be taken 
from (NH4)10(W12O41). 5H2O = W weight (0.11601) x (NH4)10(W12O41). 5H2O 
molar mass (3132.2 g/mole) / No of tungsten in ammonium paratungstate (12) 
= 30.2805435 g of (NH4)10(W12O41). 5H2O in 5 ml deionized water. 
 
2.2.4 Sol-immobilization method 
 The sol gel method is one of the new technologies used in catalysis. It 
forms catalysts in nanoparticles.  This means different catalytic behaviour 
compared to the same catalyst prepared by another method such as co-
impregnation, which means that it can be more active. It is a useful method for 
coating an active metal solution on a support. The principle of this method is to 
start with a colloidal solution. This is mostly in nanoparticles which are then 
immobilized on a support. In this study, nano-gold particles were immobilized on 
two supports - molybdenum oxide and iron molybdate. In practical terms, 1% 
Au/MoO3 was prepared by taking the required volume from 12.25 g ml-1 
HAuCl4.3H2O which then reacted with a solution of 1wt% (PVA) poly vinyl 
alcohol (Aldrich= 80% hydrolyzed) as it was stirred for 15 min. The volume 
taken from the PVA solution was (PVA (w) /Au (w)= 1.2). The next step was to 
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make 0.1M of fresh NaBH4 solution, where the volume added from NaBH4 was 
calculated as (NaBH4 (mol)/Au (mol)=5), and the mix was continuously stirred 
for 30 min. Afterwards, concentrated sulphuric acid (3-5 drops) was added to the 
solution to acidify it to pH1. After adding the sulphuric acid, the solution was 
stirred continuously for 1 hour. The solution was then  filtered with sufficient 
deionized water. The two catalyst were dried overnight at 120oC and the last step 
was to calcine them at 400oC. 
 
2.2.5 Catalyst placing 
 The catalysts tested in this study were crushed and then pressed by 
weights of up to 10 tons, and sieved using metal sieves. The size of the sieves 
used were 850 micrometer at the top where the pressed powder was smashed. 
Underneath this was another sieve which was 600 micrometer in size. This sieve 
was used to collect the catalyst crystals of a size between 600 and 850 
micrometers. Then the resulting material was put into a glass tube on top of 
quartz wool. Finally, the catalyst was then run using a Cat-lab microreactor. 
 
2.3 The pulsed flow reactor 
 The pulsed flow reactor was designed by Hiden Analytical Ltd.  The 
reactor contains two modules, The first module is the Cat-lab microreactor, and 
the second module is the gas analyzer (QIC-20) using a mass spectrometer. The 
reactor is closed, and evacuated by two rotary pumps and another turbo-pump. 
There is another part called the Cat-lab control rack which is linked to the first 
module which contains of gas panel, a furnace power control and a process 
control interface. The pulsed flow reactor is important for studying a reaction 
kinetically and its mechanisms. Looked at another way, it is an industrial plant on 
a small scale, which is useful in the lab. It is also useful for studying the surface 
of a catalyst in order, for instance, to calculate the surface area. 
 
2.3.1 Cat-lab Micro-reactor 
 The Cat-lab microreactor contains two parts. The first one is the micro-
reactor where is where the catalyst bed is fitted as shown in scheme 2.1. The 
other part contains the gas panel, the furnace power control and the process 
control interface. The gas panel has 8 flow channels for mixing gases, ranging 
 47 
from a flow rate of 2 ml min-1 to 100 ml min-1. It is controlled by Cat-lab 
software in the computer through the process control interface. The process 
control interface is connected to the computer using a 9-way D-type cable 
starting from COM-0 in the process control interface to the comms port in the 
computer. It allows the user to control the sample temperature and the gases flow 
from the Cat-lab software using Windows. 
 
Figure 2.1 Micro-reactor module4 
 
The microreactor has a catalyst bed fitted into a furnace. The catalyst bed 
is a long tube made of coated glass to withstand temperatures up 800oC. The 
catalyst tube is also made of coated glass for less reactivity. It can be placed into 
the catalyst bed from the top, which is stopped by a point of narrow glass, as in 
figure 2.2. The other end of the catalyst bed is fitted down to the mass 
spectrometer line. However, not all of the gas flows into the mass spectrometer. 
The catalyst bed has a narrow mass spectrometer inlet starting just under the 
catalyst tube and linked to analysis line.  This inlet takes small amounts of the gas 
while the rest is vented (Vent 1). There are three thermocouples; the first is the 
sample thermocouple which gets into the catalyst from the top of the reactor and 
gives a sample temperature read. The second thermocouple is fitted into the 
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furnace and is entitled the external furnace temperature thermocouple.  This gives 
the furnace temperature reading. The third one is the sentry thermocouple, which 
is also fitted into the furnace. All temperature readings are transferred to the Cat-
lab software in the computer through the process control interface. 
 
Figure 2.2  Schematic drawing of a Cat-lab microreactor4  
 
 As can be seen in figure 2.2, gas flows from the gas controller to the 
analysis/bypass switching valve (3 way valve), through the analysis line (A line, 
in figure 2.2) and then goes over the catalyst to the mass spectrometer through the 
mass spectrometer sampling valve (3 way valve). The line is heated to 60oC. This 
valve gives an option of switching the gas line to the mass spectrometer or for the 
gas to be vented. Line B is the bypass line for when the gas goes either to the 
mass spectrometer through the mass spectrometer-sampling valve, or is to be 
vented. 
The catalyst tube should be filled with 0.5g of a catalyst above a piece of quartz 
wool.  As can be seen in figure 2.3, the inlet manifold assembly should be pulled 
up and the inlet loading clamp must be then tightened for safe sampling for when 
the gas has to be vented by switching the mass spectrometer sampling and the 
analysis/bypass (figure 2.2) valves to the bypass. Next, it is necessary to put the 
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catalyst tube into the catalyst bed and press it gently so as not to break the glass. 
The last step is to place the sample thermocouple into the catalyst tube until it 
reaches the catalyst crystals and screw all the nuts tight to avoid any gas leakage.  
 
 
Figure 2.3 Cat-lab microreactor drawn for placing the catalyst4 
 
  
2.3.2 Gas analysis system (QIC-20) 
 
 The gas analysis system was designed by Hiden Analytical Ltd. It is a 
closed box which contains a mass spectrometer, an ultra high vacuum (UHV) 
system, a pressure gauge and a sampling system. As can be seen in figure 2.4, 
there is a mass spectrometer probe, an RF head, a UHV chamber, a penning 
gauge head, a QIC capillary inlet, a turbo power supply, a capillary temperature 
controller, a penning gauge controller, a turbo interface unit and a mass 
spectrometer interface unit. The QIC box is built in such a way as to protect the 
equipment from dust with a hood from the top and a glass door to the front. It 
also has fans to cool it down, so that it does not reach too high a temperature, 
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since this would cause damage to some electronic parts. The emission is set at 
1000 µA with a multiplier potential of 850 V. 
 
 
Figure 2.4 QIC 20 module5 
  
 Mass spectrometry is a useful technique for chemical compounds analysis 
which depends on the mass to charge ratio (m/z). The principle of mass 
spectrometer analysis is to ionize a molecule and accelerate it and separate ions 
by deflecting them to fly with different trajectories according to their mass-
charge ratio (m/z). The quadruple mass spectrometer is one of the mass 
spectrometer techniques.  It contains an electric field instead of a magnetic field. 
It contains an ion source, a single quadruple mass filter and a detector, as shown 
in figure 2.5. The range of masses is between 2 and 200 atomic mass units. In 
principle, vapours go to the ion source, which mainly has twin filaments of 
tungsten of 0.15 mm diameter, which generate electrons which bombard the gas 
particles, making them positivity charged. Then the positive ions are focused into 
a (z-axis) quadruple mass filter, with approximately the same potential energy. 
An electromagnetic field is produced by voltage being applied between two rods 
pairs, which are 6 mm in diameter. V is the alternating current (AC) applied to 
one opposing pole pair, and U is the direct current (DC) applied to the other pair. 
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Depending on the voltage applied, masses will be deflected according to their 
mass to charge ratio. They will then strike rods and will be removed by the 
vacuum system. However, the quadruple mass filter is less selective with heavy 
masses, because the electric field increases the oscillation amplitude. This may 
lead to ions colliding or leaving the quadruple mass filter. The amplifier (RF) is 
fitted to the probe (quadruple mass filter) and is connected to it via a 12-way 
connection; the RF head contains single conditioning electronics, a power 
supplier for the quadruple mass filter, and a cable connected to the RC interface 
unit (RC-IU) The RC -IU is connected to the computer and fully controlled by 
Cat-lab software. It has an automatic shutdown function for the mass 
spectrometer in the event of leakage or high pressure gas entering the mass 
spectrometer.  
 
 
Figure 2.5  Mass quadruple filter 
 
 The mass spectrometer analysis system has to be evacuated of air and ions 
steams deflected by the quadruple filter, which may cause a collision with ions 
beam going to the detector. In general, the mass spectrometry techniques require 
a gas pressure lower than 10-6 torr.  Consequently, there is another system which 
solves this problem in addition to the vacuum pumps.  This is the fast sampling 
system. The fast sampling system contains a capillary inlet and a platinum orifice 
(see scheme 2.6). Gas goes to the QIC-20 system through a silica capillary inlet 
which is connected to a bypass rotary pump. This causes a pressure reduction 
with high velocity. Further reduction is made by the platinum orifice when gas 
exits the capillary line. The platinum orifice is placed at a distance of 4 mm, and 
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the gas passes through the orifice to the ion source which is located at a distance 
of 12 mm between the orifice and ion source. One of the fast capillary sampling 
functions is to heat the gas by heating the silica capillary (160oC), the orifice and 
the bypass regions (120 oC).   
 
 
Figure 2.6  QIC-20 sampling systems7 
 
 There are three pumps fitted in the QIC-20. These are the turbo-molecule 
pump, the baking rotary pump and the by-pass rotary pump, as shown in scheme 
2.6. All pumps help to remove gas and air from the mass spectrometer. The 
turbo-molecule pump is designed by Pfeiffer Vacuum (TMU 071), as in Figure 
2.7. It contains a high vacuum flange which is connected to the ultra high vacuum 
chamber (H, 1), a force vacuum flange (2, V) which is connected to the baking 
pump, a venting valve (4, F), a remote plug (8d) and an electronic drive unit 
which is connected to the RC interface controller. 
The principle of the vacuum pump is to pump gas particles out of the 
UHV chamber, and to reach a pressure lower than 10-6 torr.  Starting from the 
active design which contains rotors and stators surrounded by turbine blades, 
each pair of rotors and stator blades forms stages.  As can be seen from figure 
2.8, the gas particles hit the rotor during the first stage. They will then be then 
forced by the first stage of the rotors and stators to the outlet, via shorter radial 
blades at lower stages. Then the gas will be removed by the backing rotary pump.    
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2.1. Main Features
Turbopumps TMH 071 P/TMU 071 P with the TC 600 form a
complete unit. Voltage is supplied by the power unit (see
”Accessories”).
On delivery, the pumps have been set up for
operations in remote mode. Remote plug 8d
should therefore be disconnected if operations
with the DCU are required.!
PLEASE NOTE
Cooling
– Enhanced convection cooling with cooling unit (accessory),
– air cooling (accessory) or
– water cooling (accessory).
Integrated protective measures against excess temperatures:
The Electronic Drive Unit TC 600 reduces
the rotor rotation speed. 
Bearings
High vacuum side:  Wear free permanent magnetic bearing.
Fore-vacuum side:  Oil circulatory lubricated ball bearing
with ceramic balls.
Proper Use
– The Turbomolecular Pumps TMH 071 P/TMU 071 P may 
only be used for the purpose of generating vacuum.
– The turbopumps may only be used to pump those media
against which they are chemically resistant. For other
media the operator is required to qualify the pumps for the
processes involved.
Feature TMH 071 P TMU 071 P
High vacuum flange ISO-KF / ISO-K CF-F
High vacuum seal Elastomer Metal
Attainable final < 1 · 10-7 mbar < 5 · 10-10 mbar
pressure (without baking-out) (with baking-out)
2. Understanding The Pumps TMH 071 P/TMU 071 P 
– If the process produces dust, the maintenance intervals
must be specified accordingly and sealing gas must be
used.
– The turbopump must be connected to a backing pump in
accordance with Section 3.3.
– Only Pfeiffer Vacuum power units may be used to operate
the
TC 600. The use of other power units requires the prior
agreement of the manufacturer and equalization with the
valid specification.
– The pumps may only be operated providing the ambient
conditions in compliance with Protection Type IP 30 are
observed.
Improper Use
The following is regarded, inter alia, as improper:
– The pumping of explosive or corrosive gases.
– Operating the pumps in areas where there is a danger of
explosion.
– The pumping of gases and vapours which attack the mate-
rials of the pumps.
– The pumping of corrosive gases without sealing gas.
– The pumping of condensating vapours.
Operations involving impermissibly high levels of gas
loads.
– Operations with improper gas modes.
– Operations involving too high levels of heat radiation
power (see Section 9. ”Technical Data”).
– Operations without the use of cooling equipment.
– Operating the pump in environments which require a pro-
tection class superior to IP 30.
– The use of other power units or accessories which are not
named in this manual or which have not been agreed by
the manufacturer.
– The connection to power units with earthing of a direct
voltage pole.
Improper use will cause all claims for liability and guarantees
to be forfeited.
2.2. Differences Between The Pump Types
Abbreviations on the type of the pump
Suffix ”P”: Purge gas connection for the prevention of the
ingress of aggressive gases into the motor and
bearing arena.
Turbomolecular Drag Pump TMH 071 P/TMU 071 P
1 High vacuum flange
2 Fore-vacuum flange
4 Venting Valve
6 Rubber feet
8 Electronic Drive Unit TC 600
8d Remote plug
1
8d
8 64 2
 
Figure 2.7  Pfeiffer turbomolecular pump8 
  
   
 
Figure 2.8  Vertical cross section of a turbomolecular pump9 
 
 54 
 Rotary vane pumps are fitted in this equipment. One is the bypass pump, 
while the other is the baking pump. It consists of a pumping house, rotors, oil 
level slide glass, a suction duct, an anti-suck-back valve, a dirt trap, an intake 
port, a lid of gas ballast valve, an exhaust port, an air inlet silencer, an oil filter, 
an exhaust valve, an exhaust duct, a gas ballast duct, an oil injection valve and a 
vane. It involves three vanes balanced at 120o.  These rotate and are forced by 
centrifugal force and springs. The gas enters the pumping stator house through 
the intake port, and will be rotated by the vanes and pushed out through exhaust 
port to be vented.    
 
 Pressure is measured in the QIC-20 by a Penning gauge, which is fitted on 
the ultra high vacuum (UHV) chamber, between the turbomolecular pump and 
the mass spectrometer. PFEIFFER Vacuum manufactured the penning gauge - 
the IKR 261 - and it is an active cold cathode with a molybdenum filament.  As 
can be seen from figure 2.9, it contains a cathode axis and two endplates, an 
anode, an open cylinder, and an iron current amplifier. In principle, as the 
discharge is made by the electric field and the magnetic field, the gas needs be 
measured.  It is ionized by a filament feed with 6 kV, which generates gas ions 
and a discharge current. The discharge current is affected by the magnetic field 
and will travel to the anode along a longer path. The gas ions will go to the 
cathode to generate an ion current. The result in terms of gas pressure is shown 
through an electrometer (see scheme 2.10). 
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2.  How is the path of the electrons shaped? There are long, short and oscillating paths.
3.  How is the path of the ions is shaped? There can be a direct path from the ionisation place to the
collector, but also longer and indirect paths, perhaps with an energy or impulse selection
inbetween.
4.  What is the position and shape of the ion collector?
3.2 Cold cathode gauges or, better, crossed-field ion gauges
The inventor of this type of gauge was Penning in 1937. He used a high voltage of up to 2kV to
generate a discharge between cathode and anode. At low pressures (< 1 Pa or so) this discharge could
only be maintained, if a magnetic field crossed the electrical field. The magnetic field greatly
increased the path length of an electron from cat ode to anode, so that it could generate another
electron by impacting on a gas molecule to maintain the discharge.
It turned out that the discharge current was almost linearly proportional to the pressure in the
gauge from 1 mPa to 0.1 Pa. Due to the magnetic field the electron is prevented from going directly to
the anode and moves instead in helical paths through the gauge. The ions, because of their large mass,
are virtually unaffected by the magnetic field and travel directly to the cathode. Secondary electrons
released from the cathode by ion bombardment serve to
build up and maintain the discharge (Fig. 4).
The discharge is generally not stable in crossed-
field gauges. In the early designs the discharge became
erratic below 10-3 Pa, and was often extinguished
completely at 10-4 Pa. Therefore better designs were
invented with the aim to increase the active volume of the
discharge and so reduce discontinuities.
In Fig. 4 can be seen Penning’s version of 1949,
where the anode was changed from a ring in his original
version to an open cylinder. This geom try is now widely
used in ion pumps, but only for rugged and simple
vacuum gauges.
A kind of breakthrough was accomplished by
Redhead and Hobson, who invented the so-called
magnetron and inverted magnetron gauge, the latter
earlier designed by Haefer in 1955.
Fig. 5  Schematic diagram of the magnetron gauge. From
ref. [2].
Fig. 6 Schematic diagram of the inverted magnetron gauge.
From ref. [3].
Fig. 4  Electrode arrangement, fields, and
trajectories in the Penning gauge. From James M.
Lafferty, Foundations of Vacuum Science and
Technology, John Wiley & Sons, New York,
1998.
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PRESSURE MEASUREMENT WITH IONIZATION GAUGES
Karl Jousten
Physikalisch-Technische Bundesanstalt, Berlin, Germany
Abstract
A brief history, the design, the use, and the calibration of ionisation gauges
ar  described in this article.
1. INTRODUCTION
The pressure p in an enclosed gaseous system is defined as the force dF per area dA exerted by the gas
in the chamber. In a fundamental manner, forces can be measured for practical areas of a few square
c ntime res down to about 1 Pa, for ex mp  with elaborated U-tube manometers, filled with mercury
or oil. In capacitance diaphragm gauges or membrane gauges the force is used to bend a membrane
due to a differential pressure, but the force cannot be determined in a fundamental way and the gauge
has to be calibrated. In the high and ultrahigh vacuum regime, however, it is no more possible to use
the force on a certain ar a as indicator for pressure and other physical properties of the gas like gas
friction, viscosity, thermal conductivity, or particle density are used to indicate pressure.
In ionisation gauges (IG) the particle density n in their gauge volume is measured. Therefore it
is important to remember the ideal gas law for an enclosed system in equilibrium
p nkT= . (1)
It is not sufficient to measure n with an ion gauge, but also the temperature T of the gas has to
be known to indicate pressure with an IG.
How is n measured with an IG? As the name implicates, neutral gas molecules are ionised and
then counted, usually by measuring a current. The ionisation normally takes place by electrons, but
also photons (high intensity lasers) or ions can be used (Fig. 1).
Fig. 1  The basic measuring principle of ionisation
gauges. From James M. Lafferty, Foundations of
Vacuum Science and Technology, John Wiley &
Sons, New York, 1998.
Fig. 2  Electrical circuits for triode ionisation gauges: (a) Internal
control type. (b) External control type. From Saul Dushman,
James M. Lafferty, Scientific Foundations of Vacuum Technique,
2nd edition, John Wiley & Sons, 1962.
2. BRIEF HISTORICAL REVIEW
The history of the IG dates back to 1909, when Baeyer showed that a triode vacuum tube could be
used as a vacuum gauge. As inventor of the triode gauge, however, is usually named Buckley in 1916,
who later improved the gauge to a lowest pressure measurement limit of about 10-6 Pa.
 
igure 2.9 Diagra  of the Pen ing 
gauge10  
Figure 2.10 Drawing of the ionization 
gauge principle10 
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 The QIC and the Cat-lab microreactor have to be calibrated to avoid 
errors in the results when using it. The calibration is used to see any reactivity in 
the tube used in the reactor. The tube used for the catalyst run is made from 
coated glass.  It has a hole at the end, which must be blocked using quartz wool. 
Both the glass tube and the quartz wool are unreactive when there is no catalyst 
present. 
 
2.3.3 TPR 
 The temperature programmed reaction (TPR) is an oxidation reaction in 
the presence of oxygen and with helium as a carrier (10% O2/ He). The other 
point is to control the temperature as desired by increasing or decreasing 
temperature which is controlled by computer. In the TPR, the temperature rise 
rate was 8oC per minute; and the range was from room temperature up to 400oC, 
with the gas flowing at 30 ml min-1, and the gas pressure in the cylinder was 20 
bar. Methanol is in the liquid phase and has to be converted into the gas phase.  
This was done by injecting 1 microliter into a heated pipeline which has a flow of 
oxygen and the carrier gas which will carry the injected methanol to the catalyst. 
Methanol was injected one microliter every 2 minute. The temperature program 
should not start until the surface of the catalyst was covered by methanol 
monolayer.  This can be determined when at least 5 peaks of methanol are the 
same in height, which means methanol is not consumed by the surface.  
 
Practically, the catalyst is pressed and sieved between 650 and 800 micrometers 
in size. Then 0.5g of the catalyst is placed into the catalyst tube on top of quartz 
wool. Another piece of quartz wool is placed on top of the catalyst, otherwise 
some of the catalyst particles might be flushed out of the tube.  The next step is to 
thermally pretreat the catalyst after conducting a check for gas leaks. The 
temperature of the pretreatment is 400oC for 60 min. This is to clean the catalyst 
surface of volatile components. It should then be left in order to cool down. The 
next step is to calibrate the reactor with methanol. 1 microliter of methanol is 
injected every 2 minutes through the bypass line up to 5 times. When the catalyst 
is not involved in this step, the mass spectrometer will show the sensitivity to 
methanol, as it tends to vary from one experiment to another. Figure 2.11 shows 
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the raw data obtained from the mass spectrometer. Software is then used for 
better quality plotting.  
 
Figure 2.11 TPR raw mass spectra example 
 
Methanol injections appear as pulses in the data chart above. The first five 
injections were injected in the bypass, and then the valve was switched back to 
pass through catalyst.  The catalyst is placed on a clean surface, which has to be 
covered with methanol before the temperature programmed start. 12 injections 
were sufficient to cover the surface. Then the temperature was increased at a rate 
of 8oC per minute. The maximum temperature reached in this reaction was 450 
oC. The masses were scanned in the mass spectrometer.  These have to be chosen 
before the beginning of the experiment based on the literature. In the case of the 
methanol oxidation reaction, the masses scanned were methanol, formaldehyde, 
carbon monoxide, carbon dioxide, dimethyl ether, oxygen, water and hydrogen. 
However, other alcohols were tested in this research - ethanol, iso-propanol and 
n-propanol. Ethanol oxidation has other masses such as ethanol itself, ethanal and 
ethylene, as well as carbon monoxide, carbon dioxide, water and hydrogen. Iso-
propanol oxidation involves masses of acetone, propane, propylene and iso-
propanol, as well as carbon monoxide, carbon dioxide, water and hydrogen. 
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Nevertheless, the masses scanned for n-propanol oxidation were similar to the 
other alcohols for carbon monoxide, carbon dioxide, water and hydrogen, 
whereas n-propanol produces n-propanal, propane and propylene. More details of 
each product-cracking pattern will be explained later in this chapter.  
 
Further analysis has been done by converting the pulses in Figure 2.1 to 
data points making curves. These curves show the selectivity of the catalyst used 
with each product, and how much of the reactants were converted to products. 
First of all, each molecule has cracking fragments in several masses analysed. For 
example, formaldehyde is 100% mass 29, 88.5% of mass 30, mass 28 has 30.9% 
of formaldehyde and others as in Table 2.2. 
 
Compound Cracking fractions (%) 
Water 18 (100) 17 (21.1), 16 (0.9), 19 (0.5), 20 (0.3) 
Carbon Monoxide 28 (100) 12 (4.7), 16 (1.7), 29 (1.2), 14 (0.8) 
Carbon dioxide 44 (100), 16 (9.4), 28 (8.2), 12 (6.7) 
Methanol 31 (100), 32 (71.7), 29 (42.1), 28 (9), 30 (7.8) 
Oxygen 32 (100), 16 (3.6) 
Formaldehyde 29 (100), 30 (66), 28 (33), 31 (3) 
Dimethyl ether 45 (100), 29 (39), 15 (24), 31 (3), 43 (1) 
Hydrogen 2 (100), 1 (2.1) 
Ethanol 31 (100), 45 (34.4), 27 (23.9), 29 (23.4), 46 (16.5) 
Ethanal 29 (100), 44 (88.3), 43 (50), 42 (14.9), 28 (9) 
Iso-propanol 45 (100), 43 (19), 27 (10), 41 (7), 29 (6), 39 (5.7), 28 (5.2), 
31 (4.5), 59 (4.2) n-propanol 31 (100), 29 (17), 59 (15), 27 (14 , 42 (13), 28 (10) 
Acetone 43 (100), 58 (27.1), 27 (8), 42 (7), 26 (5.8), 29 (4.3) 
Propylene 41 (100), 42 (69.2), 39 (60.9), 27 (24.7), 38 (14.4) 
Propane 29 (100), 28 (61.5), 44 (40.2), 43 (33.6), 27 (31.6), 39 (16.5), 
41 (14.9), 42 (6.1) Propanal 29 (100), 58 (64.2), 28 (62.3), 27 (35), 57 (18.6), 26 (10.2), 
39 (7.4) Ethylene 28 (100), 27 (63.4), 26 (62.7), 25 (12.2), 14 (6.9) 
Table 2.2  Cracking fractions of reactants and products - % fraction 
in brackets 
 The mass spectrometer is more complicated than just scanning masses. In 
the example provided earlier, carbon monoxide has 100% cracking in mass 28, so 
there will be a contribution in the carbon monoxide reading if there is any 
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production of formaldehyde at the same time. The way to avoid this is to remove 
formaldehyde form mass 28, which at the end gives an amount of carbon 
monoxide. Each pulse was converted to a digital value by calculating the peak 
area integrally. Consequently, the value of  formaldehyde will be subtracted from 
the value of the mass 28 peak The remaining value is the carbon monoxide value, 
which can then be plotted in chart using Origin software as shown Figure 2.12. 
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Figure 2.12 An example of selectivity and conversion chart 
 
 From Figure 2.1, methanol affects all masses even when there is no 
catalyst (bypass), and the temperature is low, so methanol was removed from all 
other masses. The next step was to remove the contribution of all masses.  For 
example, formaldehyde has cracking in mass 28 (30.9%), and mass 28 should be 
carbon monoxide cracking, so formaldehyde was subtracted from mass 28 as 
(mass 28 ̵ (formaldehyde * 0.309) = carbon monoxide). This approach was 
applied to all other masses. Figure 2.2 is the final graph after analysis. It shows 
the conversion of the reactant on a catalyst at various temperatures. It also shows 
the selectivity of each product. Another analysis can be obtained from the chart. 
This was the yield to products, where the yield is the product of selectivity and 
conversion at the same temperature.  
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2.3.4 TPD 
 
 Temperature programmed desorption (TPD) is a useful technique in 
heterogeneous catalysis. It shows the preferred products for a catalyst at various 
temperatures. TPD was run with a helium gas flow through a catalyst at a rate of 
30 ml min-1. The catalyst was then filled with a sufficient volume of the reactant. 
In another way, methanol or other reactants were injected, with 1 microliter of the 
reactant being injected every 2 min. When the surface of the catalyst was covered 
by the reactant, the peaks remained steady, so the peaks remain the same with 
regard to any further injection. The next step was to allow all peaks to settle 
down (approx. 25 min). The TPD was then started and the temperature increased 
from 25oC to 400oC. The temperature rate rise was 12oC per minute, as shown in 
Figure 2.13. TPD can be used to determine the heat of adsorption, Redhead who 
has first introduced it, using its equation to calculate the heat of adsorption from 
desorbed peak in TPD result, where Ed/dt = A/B e-Ed/RT , A ~ 1013, B is found in 
the TPD spectra. 
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Figure 2.13 An Example of TPD result  
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Figure 2.13 shows the desorption of masses according to the left Y-axis, and the 
right Y-axis is the temperature reading as plotted as a dotted line in the graph. 
Both were plotted against time (min) on the X-axis. The results depend on the 
products which appear in the absence of oxygen.  As a result, the main factor is 
the catalyst itself, which is the favorable reaction pathway of the oxidation 
reaction and donates its oxygen atoms to the products, and gives only the 
preferred products. TPD also explains the heat needed of desorption of each 
product, and how the catalyst is active with regard to each product, for example, 
formaldehyde desorbs by 180 oC on iron molybdate catalyst. 
 
2.3.5  Surface area measurement 
 There are several techniques to measure the surface area of a catalyst. One 
of them is methanol coverage using a Cat-lab micro-reactor. The measurement is 
based on the volume of methanol which is which is needed to cover a catalyst 
surface, where the gas flowing was helium at a rate of 30 ml min-1, and at a 
temperature of 25oC. Once the methanol volume was known, further calculations 
were applied to obtain the surface area in meter square per gram.   
 
In practical terms, methanol is injected on to the catalyst. In the first few 
injections there will be small peaks of methanol shown in the computer using the 
mass spectrometer. The methanol peaks are small because part of the methanol is 
consumed by the catalyst as it fills its surface and covers it. The calculations 
which were used to determine the surface area were used previously by the 
Bowker group, 2 microliters of methanol were consumed by 1g of the catalyst. It 
then equals 0.002 cm3, where the mass of the methanol is the volume of the 
methanol (0.002 cm3) times methanol density (0.7918 g.cm-3), which is 0.001584 
g of methanol. Then the methanol moles is 4.95 10-5 (mole = mass (0.001584) / 
molecular weight (32)), and the number of methanol sites is Avogadro’s number 
(6.02214179 1023) times methanol moles (4.95 10-5), which equal 2.98 1019. By 
assuming that every square metre of the catalyst has 1 1019 sites available, so the 
surface area of that catalyst is 2.98 m2.g-1. The results were compared to the BET 
surface area measurement (section 2.7). 
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2.4  Raman spectroscopy  
 Raman spectroscopy is useful technique to determine molecule 
vibrational modes.  It is based on Raman scattering of monochromatic laser, 
where the laser interacts with molecular vibrations and then scattered, which 
changes the laser energy by increase or decrease, however, the scattered laser is 
detected to determining these shifts in energy, and gives an information in 
vibrations of studied molecules either solid, gas or liquid. 
 
2.4.1 Theory 
 The Raman spectroscopic technique relies on scattered radiation from a 
molecule. It begins with a monochromic excitation source in the form of a laser.  
This projects photons which are used to hit the molecule. This will produce three 
kinds of scattered radiation, as shown in Figure 2.4. The first radiation is an 
elastic interaction which includes scattered photons (νsc) with an energy equal to 
the photon that was used to excite the molecule (νex).  This is called Rayleigh 
scattering (νsc= νex), while the other two radiations are the Raman scattering.  
They are an inelastic scattering which involves either decreased or increased 
scattered photon energy, referred to as Stokes and anti-Stokes lines respectively. 
The Stokes line is an electron which has energy and which has left its ground 
state.  It then returns at a level higher than its ground state,. The return involves 
losing less energy than the excitation energy. On the other hand, the anti-Stokes 
line is an electron excited in a molecule which is already excited and has left its 
ground state.  However, the electron returns to a level lower than its ground state 
before it was excited. The Rayleigh scattering is filtered and the remaining 
Raman collected and focused in the detector. The results then appear in terms of 
the frequency of the scattered radiations. 
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Figure 2.14 Raman spectroscopy system and theory 
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2.4.2 Equipment 
 The spectroscopy equipment that was used was a RENISHAW inVia 
Raman microscope.  This has a green argon iron laser (λ = 514) with an output of 
less than 30mW. The samples used were all solid and only 0.2g of each sample 
was tested on an aluminum plate. The instrument was calibrated using standard 
silicon in a static run centered at 520 m-1, with 100% power and 10-second 
accumulation. When repeated to five accumulations, it gives one peak at 520 cm-
1. 
  
All the results were collected, and were compared to findings in the 
literature. Each sample was analyzed by Raman when it was fresh and after using 
it as a catalyst for methanol oxidation to see a difference in the structure, 
especially the change in the surface structure depending on the reduction of 
intensity of each peak. 
 
2.5  X-ray diffraction (XRD) 
 X-ray diffraction is an important tool for determining the bulk structures 
of samples that were tested in this study. It analyzes the polycrystalline 
diffraction of X-rays by powders, as every material has a specific unique pattern 
which can be then be compared to the database and to the literature. 
  
 2.5.1 Theory  
 The principle of x-ray diffraction and bulk structure determination is that 
when an x-ray beam hits a polycrystalline sample, this sample has atoms ordered 
in a specific planes for each crystal, which build the unit cell with d-spacing 
between planes, basically, x-ray beams with known wavelength and theta angle 
projected onto a sample, which then will be reflected at theta angle (figure 2.15), 
then Bragg’s law, (nλ = 2d sin θ), is applied to determine d-spacing, where λ is 
the wavelength of the incident x-ray, θ is the angle between the incident ray and 
the reflected one, and d is the space between the atoms in the lattice. The plotting 
angular positions and intensities produce patterns that are characterization of that 
sample, it is a fingerprint of a powder can be compared to literature and database 
to determine its phases. The unit cell of atoms arrangement is defined by three-
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dimensional a, b, c with interaxial angles between them as α, β and γ which 
illustrated in figure 2.16, which also called lattice parameters, which defines unit 
cell shape, for example cubic crystal has a = b = c in length, and α = β = γ = 90o. 
However, plane form can be determined by indices h, k, and l  that cut the a, b 
and c axis, where h cuts a-axis, k cuts b-axis and l cuts c-axis, for example plane 
(200), cut a-axis in half, where parallel on b-axis and c-axis, figure 2.17 is an 
example of plane (100).   
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Figure 2.15 X-ray diffraction theory, where I = incident rays, R= reflected 
rays, d = spacing between two planes, P= planes and θ= theta angle. 
 
 
 
 
 
Figure 2.16 Example of unit cell parameters 
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Figure 2.17 Example of (100) plane form 
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Figure 2.18  X-ray diffraction principles 
 
XRD machine contains of three main parts, x-ray tube, sample holder and 
detector, this design called Bragg Brentano Theta: Theta goniometer, where the 
sample holder is stationary horizontal, but the x-ray tube and the detector move 
over a range of theta angles in a focusing circle, and distance between the x-ray 
tube and sample is the same as the distance between the sample and the detector. 
The x-ray tube contains of two main parts, cathode and anode, where cathode has 
the filaments and focusing cup, the common x-ray tubes contains dual metal 
filaments, which emit electrons by AC current applied to them, where are focused 
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to move in a small stream by focusing cup to the targeted anode, the anode is 
either sealed (old tube) or rotating, where the most common metal target is made 
of copper, and Kv applied the anode target to accelerate electron that give 
radiation in X-ray region. The reflected x-rays are collected to flat panel sensor. 
  
2.5.2 Equipment  
 The equipment used for XRD was a X’Pert PRO, manufactured by PAN 
Analytical. The metal used to generate x-rays was Cu Kα (λ = 1.5418 Å), with a 
voltage of 40 kV and a current of 30 mA. This technique was used to determine 
the structure of the samples used as catalysts for methanol oxidation to 
formaldehyde, where every sample was analyzed when it was fresh and after 
being used for the oxidation reaction. 
 
2.6  X-ray photoelectron spectroscopy (XPS) 
 X-ray photoelectron spectroscopy is a powerful tool for surface analysis. 
It analyzes the surface composition and the chemical state, as every element has a 
characteristic binding energy. It analyzes atoms on the surface layers within 1 
micrometer. XPS is a surface sensitive technique and is also referred to as 
electron spectroscopy for chemical analysis (ESCA). 
 
2.6.1 Theory 
The XPS instrument is an ultra high vacuum system (UHV) (Figure 2.19), 
and contains an ultra high vacuum chamber where the sample is held.  An x-ray 
source is fixed to the top of the sample with.  The sample is placed on a sample 
holder and is then placed into the instrument in the sample introduction chamber. 
A low vacuum is then applied before it is moved to the ultra high vacuum 
chamber. The x-ray source contains of cathode part that emits electrons when 
heated, the electrons hit a metal target (anode) that normally has potential applied 
to it (5-20 Kv), which produce x-ray radiations, the anode is normally either Mg 
Kα at 1253.6 ev Al Kα at 1486.6 eV. However, other unwanted radiations are 
produced (satellites, Bremstahlung), which can be removed by 
monochromatizing x-ray radiations using quartz crystal. x-ray (Rowland circle). 
The x-ray photons from the source are absorbed by the surface atoms, either the 
top layer atoms or the lower layers atoms (causing signal noises, because the 
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emitted electron collides with another electron in the upper layers and loses some 
of its energy, and scattered photoelectron collides to surrounded electron that 
reduced its energy). Then the core electrons leave the atoms and travel to the 
detector where they are detected.  This leaves an electron vacancy which lets 
another electron with higher energy occupy the vacancy and second 
photoelectron emitted as Auger electron, whereas fluorescence is fall of electron 
from higher energy level to fill vacancy and photon will be emitted instead of 
photoelectron. 
 
 
Electrons pass through the concentric hemispherical analyzer (CHA) to 
the detector. The CHA contains magnetic and electrostatic lens that allow ejected 
electrons from the sample to pass through them to hemispherical part, where the 
hemispherical part contains of inner hemisphere and outer hemisphere, where 
ejected electrons pass through the two hemisphere which then are filtered as their 
velocity or energies, and electrons are directed to the detector that within selected 
energy range.  This will then be detected according to their kinetic energy (KE). 
The result is given in binding energy as per the following relationship: KE=hv-
BE-Ø, where KE is measured by the XPS spectrometer, hv is the photon energy 
from x-rays which are controlled, Ø is the work function which can be found by 
calibrating the instrument.  Using this, BE is calculated. As the photoelectron 
spectrum is plotted as electron intensity against binding energy, this is used also 
to show the change in the compound and the oxidation sate.  
 
 
Figure 2.19 schematic XPS instrument (KRATOS) 15 
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2.6.2 Equipment 
The XPS instrument that was used in this study was the AXIS Ultra DLD, 
manufactured by KRATOS Analytical, (figure 2.20). It has more than one use in 
that it has a quantitative parallel imaging system, a snapshot spectroscopy and a 
charge neutralization system. It has a KRATOS patent with regard to the 
magnetic immersion lens, the spherical mirror and the concentric hemispherical 
analyzers. It gives high XPS resolution because of the refocusing lens and 
monochromator. It has the newly developed delay-line detector (DLD). 
 
 
Figure 2.20 AXIS Ultra DLD by KRATOS Analytical 
 
 It offers a large pass of energy (160 eV) in a single sweep, and a 0.5 eV 
step.  This shows all elements on the surface in the form of a survey scan. 
Another high resolution scan was applied to the samples. It was collected with a 
low passing energy of 40 eV, and sweeps from 5 to 10, with a 0.1 eV step. 
 
2.7 BET surface area measurement 
BET is an adsorption isotherm which was published by Brunauer, Emmett 
and Teller in 1938[16]. It measures the adsorption of a gas on a solid surface. The 
BET equation was published after the Langmuir isotherm. The Langmuir 
isotherm is simpler than the BET isotherm. It is used when the gas pressure is 
low and explains only a monolayer of gas on the surface of a solid[17]. On the 
other hand, the BET isotherm applies to a multilayer gas adsorption on the 
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surface of a solid[18]. It gives the total surface area depending on the gas vapour, 
adsorbed gas on the surface, and the surface sites of a solid. 
 
Figure 2.21 Langmuir monolayer adsorption isotherm[17]  
 
Figure 2.22 BET isotherm[18] 
1.7.1  Theory 
 The BET isotherm is used when gas reaches a solid surface and is 
physically adsorbed on the surface to make a bond.  This is caused by the van der 
Waals force and the energy released is known as the heat of adsorption. Further 
layers appear by condensation of the gas on the first layer, which depends on the 
heat of liquifaction. The adsorbed gas molecules are in equilibrium with the gas 
phase and with surface sites. The BET equation is as follows: 
P/V(P0–P) = (1/VmonC)+(C-1/ VmonC)*(P/P0) (Eq 2.1) 
 
Where C is: 
C = e (ΔHads- ΔHlq)/RT (Eq 2.2) 
 
Where C is constant, ΔHads is the adsorption enthalpy, ΔHlq is the gas liquifaction 
enthalpy, R is the gas constant and T is the temperature. From equation 2.2, P is 
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the equilibrium gas pressure, Po is the saturated pressure, V is the volume 
adsorbed from the gas and Vmon is the volume of the monolayer coverage. 
  
Normally, the BET isotherm is solved by a linear plot of P/V(P0–P) on the 
y-axis against (P/P0) on the x-axis as shown in Figure 2.21, where the slope is (C-
1/ VmonC), and the y-intercept is (1/VmonC), and then the surface area is calculated 
by  From these parameters the surface area for a given gram of solid can be 
calculated in meters square per gram as in Eq 2.3, 2.4, 2.5 and 2.6 below. 
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Figure 2.21 Graphical determination of BET 
 
C = 1+ (slope value / y-intercept value) (Eq 2.3) 
 
Vmon = 1/ ( slope value + y-intercept value) (Eq 2.4) 
 
SBET, Total = (Vmon N s) / V (Eq 2.5) 
 
SBET = SBET, total / a (Eq 2.6) 
 
Where S is the surface area, (V) is the adsorbed gas molar volume; (N) is the 
Avogadro’s No, where (a) is the mass of the placed powder sample and (s) is the 
adsorption cross section for adsorbate, which is 16.2 A2 for nitrogen.  
  
2.7.2 Equipment  
A Gemini 2360 Micromeritics was used to determine the surface area of all 
catalysts before being used for methanol oxidation, where nitrogen gas was used 
as the adsorbate, using the BET isotherm. In practice, a known weight of the 
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catalyst was placed in a sample glass tube.  This was then heated to 120oC with a 
vacuum to remove any water.  It was then placed in a tube holder with another 
empty tube as a reference. The two tubes were dipped into liquid nitrogen, then 
the rest of the experiment was controlled by the computer. Five different pressure 
points were taken to plot the BET isotherm graph as in Figure 2.21. Then the 
surface area of the catalyst was calculated using the BET isotherm in (m2.g-1).  
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3. The oxidation of methanol on transition metal oxides 
 
3.1 Introduction: 
 This chapter concerns an evaluation of the efficacy of a range of simple 
oxides as methanol oxidation catalysts, because transition metal oxides especially 
can be good catalysts for this reaction. According to their properties oxides are 
often rich in reactive oxygen and electrons at their surface. Some metal oxide 
properties were presented in the first chapter (introduction).  It was shown that 
they are important in heterogeneous catalysis in that their surfaces can bond with 
gaseous molecules and let them dissociate then react, providing a lower 
activation energy to reach the products. Metal oxides have a wide range of 
properties according to their surface and bulk structure. These oxides can be 
controlled to obtain the desired catalyst starting from the preparation method, 
temperature treatment, promotion, shaping and particle size. In this chapter 
oxides were chosen based on two points, relating to the fact that molybdenum 
oxide is a selective catalyst. The first point concerns the selectivity of other 
elements in the periodic table. These elements correspond to molybdenum in 
some properties, and are different in other properties. As an example, an oxide 
that differentiates from molybdenum oxide in this study is CoO, which has +2 
oxidation states, whereas WO3 corresponds to molybdenum oxide in terms of 
oxidation state (+6). The methodology in this study is based on the preparation 
method of all catalysts, combined with characterisation before their use as 
catalysts, and after the reaction, and with reactor measurements.  
3.1.1 Fe2O3 
Some properties of iron oxide catalyst were summarised in the first 
chapter. It is a poor catalyst for methanol oxidation to formaldehyde[1-6]. It burns 
methanol to carbon dioxide at any conversion. However, the catalyst is very 
active compared to other catalysts; it converts methanol at a temperature lower 
than 200 oC. Iron oxide is known in several forms according to its structures, 
oxidation states and other physical properties like magnetism. The form used is in 
this study is α-Fe2O3, which is a stable and active catalyst. Iron molybdate is an 
active and selective catalyst for methanol oxidation. Its activity comes from the 
iron part, as molybdenum is not a very active catalyst but is selective. Therefore, 
in this study iron oxide was used as standard reference catalyst for activity[1-6].  
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3.1.2 MoO3 
 Molybdenum oxide was also considered in the first chapter. It has two 
oxides, as MoO3 and MoO2, where MoO2 is less selective than molybdenum 
trioxide. Also the trioxide has two forms, which are α-MoO3 and β-MoO3. α-
MoO3 is an orthorhombic structure, whereas β-MoO3 is a monoclinic structure. 
MoO3 is a highly selective catalyst. It is 100% selective to formaldehyde at low 
conversion, however, it not an active catalyst compared to iron molybdate[1-6]. 
Again, we show results later for reference to the other oxidic materials. 
 
3.1.3 V2O5  
 Vanadium has several oxides - VO, VO2, V2O3 and V2O5. In the co-
precipitation synthesis method often used, V2O5 is formed rather than the other 
oxidation states, and it is the most stable of vanadium oxides. Vanadium oxides 
are easily reduced, this redox property makes them very interesting catalysts for 
oxidation reactions, especially the highest oxidation oxides (V2O5). V2O5 is a 
selective catalyst for oxidation of n-butane and benzene. It is also used in 
supported catalysts for methanol oxidation to formaldehyde [7].     
 
 Vanadium based catalysts have been studied by many scientists. Tatibouet 
studied vanadium oxide, the target was to determine its selectivity and structures, 
as well as to compare it with molybdenum oxide catalysts. The results shows that 
both molybdenum oxide and vanadium oxide behave as redox sites. In terms of 
surface characterisation, a single crystal of V2O5 was used with (001) and (100) 
faces, where it was shown that formaldehyde formation depends on (001) face as 
the selective plane. The other (100) plane is more active but less selective to 
formaldehyde, compared with molybdenum oxide. The (100) face is also 
selective to formaldehyde at low conversion and low temperature, which 
confirms that the reaction route is sensitively affected by the catalyst structure. 
Using powdered V2O5 at 50% methanol conversion the main product is 
formaldehyde, whereas at higher conversion HCOOCH3 is the main product. At 
total conversion, CO and CO2 are the products[8].  
 Supported vanadium oxide catalyst reactivity was also reported by Kim 
and Wachs [9]. V2O5/Al2O3 contains at least 10% vanadia on alumina, as 
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methanol oxidation to formaldehyde increases with the number of vanadia on the 
surface of high surface area alumina, where vanadium on the surface appear as 
polymeric VO4, monomers of VO4 and nano V2O5 on the surface of alumina. 
Here the dehydrated V2O5/Al2O3 consisted of isolated VO4 and polymeric VO4, 
but the nano-form of V2O5 is in region of vanadia monolayer and less. The result 
shows that formation of formaldehyde increases with the increase of VO4 
coverage of the alumina, as alumina has acidic sites, which dehydrate methanol 
to  dimethyl ether [9].  
 
 Another study of bulk vanadium oxide and supported vanadia by Laura  et 
al.[4] reported that V2O5 is a selective catalyst producing 79% formaldehyde, 
10.5% dimethyl ether and 10.5% as a mixture of methyl formate and dimethoxy 
methane; this was obtained at low conversion and a temperature of 300 oC, where 
the TOF value is 9.8 s-1. They show in their study that V2O5 has Raman bands at 
994, 702, 527, 404, 284, 146 cm-1, and XRD analysis shows peaks at 2θ = 14.9o, 
18.0o, 21.3o, 23.5o, 28.1o. They showed that vanadium oxide is more active than 
molybdenum oxide - vanadium starts converting methanol at 300 oC, whereas 
molybdenum oxide is only active by 380 oC. The turnover frequency of vanadium 
oxide (9.8 s-1) and molybdenum oxide (0.6 s-1) clearly shows that vanadium has 
more active sites than molybdenum oxide using, but nonetheless molybdenum 
oxide is nearly 100% selective to formaldehyde [10].   
 
 One of the most important issues that needs to be resolved is the 
volatilisation of molybdenum during methanol oxidation, which leads to the 
degradation of iron molybdate catalysts, as molybdenum is the selective part of 
the catalyst. Nevertheless, vanadium is also volatile in the same conditions as 
molybdenum. There was a study done by Mariano et al. to prepare a more stable 
iron molybdate to reduce the operational cost. They prepared Fe3O4 that 
accommodated vanadium and molybdenum in its structure, as Fe3O4  has Fe3+ 
tetrahedron and Fe2+ octahedron, where the octahedron sites involve vacancies. 
Therefore, the general formula is Fe2.50(1-z/3) V0.20(1-z/3) Mo0.30(1-z/3) ☐z O4, where z 
is the vacancy number, (☐) is the cation vacancies , which varies according to the 
preparation method. For a sample being calcined at 80 oC, it has a formula of 
Fe2.40V0.19Mo0.29 ☐0.12 O4. The result shows that metals are allowed to change 
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their oxidation state within this structure and can be easily reduced and re-
oxidised at the same ratio. In other words, there will be no missing molybdenum 
or vanadium from the total composition like Fe2(MoO4)3 when changed to 
FeMoO4, catalyst more stable than the iron molybdate catalyst. The catalyst is 
also active (86% conversion) and selective to formaldehyde (86%) by 450 oC[11].  
 
 In this study, V5+ and V4+ will be investigated to determine their behaviour 
for methanol oxidation. Both of the samples were in powder form; V2O5 was a 
fresh sample prepared in the lab using the co-precipitation method, but VO2 was 
a commercially obtained sample.  
 
3.1.4 MnOx 
 Manganese oxides are scientifically good catalysts for oxidation 
processes, and one of those oxidation reactions is CO oxidation to CO2, as CO is 
a highly toxic gas for humans. The catalyst is nano-sized palladium on 
manganese dioxide, where this catalyst oxidises CO at low temperature (40 
oC,10% conversion). A study reported by Salker et al. shows that Pd/MnO2 
catalyst is a highly active catalyst, where MnO2 is also an active catalyst (10% 
CO conversion at 80 oC), but less than the Pd doped MnO2 catalyst [10]. 
Moreover, manganese is also supported on silver catalyst, which shows high 
activity for carbon monoxide oxidation. Mn0.90Ag0.10O2 is the most active catalyst 
of the manganese/silver catalysts; it converts 10% of CO at 55 oC to carbon 
dioxide [13]. 
   The structure of MnO2 consists of octahedral MnO6 units. Two types of 
MnO2 hollow structures were studied by Xiaobo et al., - γ-MnO2 and β-MnO2. 
Figure 3.1 shows XRD patterns of γ-MnO2, β-MnO2 and Mn2O3. MnO2 can be 
reduced, especially in an oxidation reaction like cinnamyl alcohol, where Mn 
(IV) was reduced to Mn2O3. Also, the result shows further possible reduction to 
Mn3O4 from both MnO2 and Mn2O3, and Mn2O3 can be reduced to MnO [14]. α-
Mn2O3 is not pure. A fresh sample was calcined at a temperature below 550 oC. 
By 400 oC it seems to be a mixture of Mn2O3, Mn3O4 and Mn5O8, as in figure 3.2 
where (a) is the as-synthesized sample, (b) the sample calcined at 400 °C, 
showing peaks for tetragonal Mn3O4 and monoclinic Mn5O8, and (c) is for sample 
calcined at 700 oC, which is pure cubic α-Mn2O3. [15]. 
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Figure 3.1 XRD patterns of (c) Mn2O3, (b) β-MnO2, (a) γ-MnO2 [12] 
 
 
 
Figure 3.2 XRD patterns of Mn2O3 
 
Manganese oxide was used as methanol oxidation catalyst to 
formaldehyde. The catalyst for methanol oxidation is Pd doped LaMnO3 catalyst.  
Chia-Liang et al. reported that LaMn0.93 Pd0.07 O3 is 65% selective to 
formaldehyde, and the rest is CO2 by 350 oC, where it converts 70% of methanol 
to these products. Moreover, the catalyst starts to be active by 140 oC, when the 
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main product was CO2 as sequence of full methanol oxidation and the methanol 
conversion was less than 10%, but at higher temperature, the oxidation reaction 
turned to partial oxidation and the main product was formaldehyde [10]. 
Furthermore, another study carried out by Chia-Liang reported the catalytic 
behaviour when Pd was replaced by other metals such as Rh, Pt and even pure 
LaMnO3. The physical properties of these catalysts are interesting as the pure 
LaMnO3 has only 6.3 m2/g of surface area, whereas the rest have higher surface 
area, such as LaMnPd (14.1 m2/g), LaMnPt (14.5 m2/g) and LaMnRh (11.1 
m2/g). The study also showed that the highest selectivity to formaldehyde is 90% 
and ordered as follows: LaMn < LaMnPt < LaMnRh < LaMnPt. The highest 
conversion was 70%, reached using LaMnPt catalyst [16].  
 
One of the other uses of catalysts containing manganese is methanol 
synthesis, where the catalyst is Cu/ZnO/Al2O3 and uses manganese as a promoter. 
Because manganese has the ability to change its oxidation state from 4+ to 3+, 
Cu changed to Cu+ and to Cu2+, which enhances the catalyst activity by 
increasing Cu dispersion and the number of active sites. This results in a 10% 
increase of methanol yield by manganese doping [12]. Manganese catalysts were 
used for pollutants removing that are results in organic industrial processes, 
which removed by conversion to CO2. Reactant either can be carried by air, or 
just a gas exhaust containing low oxygen, a high concentration of water, and may 
also carry a low concentration of carbon monoxide. Where the catalyst is 
bimetallic PdO with a mixture of Mn3+ and Mn4+, the result shows that the 
catalyst is still active even with a poor oxygen feed, but is less active than the 
first feed, which contains air. The catalyst has the ability to share its lattice 
oxygen and form Pdo instead of PdO, and MnO2/ Mn2O3 may change to Mn3O4 
[19].   
In this study, both MnIII and MnIV were tested as catalysts for methanol 
oxidation. 
 
3.1.5 CoO 
 Cobalt has two types of oxides according to its oxidation state. The first 
Co2+ appears as CoO, but with 1/3 as Co3+ in Co3O4. Both of the oxides are well 
characterised, where CoIII can be easily reduced to CoII. CoII can be oxidised to 
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CoIII in the presence of oxygen, which makes cobalt oxide such a good catalyst in 
oxidation reactions because of its ability to change within its oxidation state 
cycles of CoIII/CoII. CoO is rock salt oxide, where Co2+ is in the octahedral holes, 
but Co3O4 is a spinel type oxide with tetrahedral Co2+ and octahedral Co3+, where 
CoO is high spin because of its d7 configuration, whereas Co3O4 is low spin of d6. 
This means it is weakly magnetic and both oxides are face centred cubic (fcc) 
with oxygen in close packed structures. The CoO surface shows has (100) facets, 
and has well ordered bulk structure. It also has stoichiometric surface because of 
balance charge and non-polar planes. It is a close packed structure (fcc). Co3O4 
has two facets, (110) and (111), as it is a truncated octahedron, where (110) 
planes forms in two types of structures (A) and (B). Type A has tetrahedral and 
octahedral Co sites, whereas type B has only half filled octahedral sites, as in 
figure 3.3 below[20]. 
 
Figure 3.3 Co3O4 layers for (110) planes [20] 
 
 Co3O4 (110) forms a CoO layer when heated, which makes it a good 
catalyst for oxidation and reduction process, because of its ability to donate and 
accept oxygen, and change its structure in between. The other structure of Co3O4 
is (111) hexagonal, poorer in surface hydroxylation than other forms of cobalt 
oxide, in appearance of oxygen and water, and is recorded by O1s Peak using 
XPS that has higher binding energy [20]. 
 
 Zafeiratos and his co-researcher studied cobalt oxides behaviour during 
methanol oxidation. Two oxides were tested; CoO and Co3O4. CoO oxide was 
obtained by oxidising metallic Co in oxygen at 520K, which resulted in a few 
layers of CoO on Co surface. The result shows that methanol oxidised to 
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formaldehyde on CoO-like catalysts (containing metallic Co, and CoO) and that 
both catalysts were active to convert methanol, where the favourite product using 
pure Co3O4 is carbon dioxide,. However, Co3O4 changes to be a mix of 
CoO/Co3O4, which was recorded to be the active phase for formaldehyde, 
depending on the ratio of CoO and Co3O4 in the complex. Formaldehyde is 
formed in the surface of cobalt when the methoxy group covers the surface in a 
low flow of oxygen MR=2, where extra oxygen may bond with the surface and 
forms a formate group on the surface that decomposes as CO2, illustrated in 
equation 3.1 and 3.2. Also the formation of formaldehyde requires nucleophilic 
surface sites, whereas the formation of CO2 requires electrophilic oxygen [21].  
 
CH3OH + ½ O2 à CH2O + H2O Eq 3.1 
CH3OH + 1.5 O2 à CO2 +2H2O Eq 3.2 
 
3.1.6 Cr2O3 
 Chromium oxide is an important catalyst in heterogeneous catalysis. The 
most usual oxidation states for chromium are Cr (III) and Cr (VI), where Cr (VI) 
is not a stable catalyst for reaction it loses oxygen, and converts to Cr (III). 
 
 Chromium oxide, Cr2O3, is the stable oxide for catalytic reactions, which 
has several structures. The first structure is the α-phase with R3c spacing group, 
and lattice parameters of a = 4.958 Ao , b = 13.594 Ao. It is a rhombohedron of 
six molecule of α-Cr2O3 as a close-packed hexagonal structure[16]. Another 
structure reported is the spinel Cr (111) tetragonal, , as well as spinel cubic γ- 
phase in thin film. A crystallography study of chromium oxide shows that there 
are three faces present at the surface, Cr2O3 (110), Cr2O3 (100) and Cr3O4 
(111)[23]. 
 
 Two molybdenum containing chromium catalysts were studied by Ivanov 
et al., which are Cr2(MoO4)3 and modified NaCr(MoO4)2. The results show that 
Cr(MoO4)3 is iso-structural of Fe2(MoO4)3, and even has the same mechanism, 
with a similar activity and selectivity to formaldehyde. Its activity can reach up to 
95% by 320 oC and formaldehyde selectivity of 90%. However, the addition of 
sodium on chromium-molybdenum catalysts lead to a slightly different result; 
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0.10% of Na on Cr-Mo catalyst made by a co-precipitation method, makes it 
more selective to formaldehyde (96.2% at 350 oC), but less active (82.4% at 350 
oC). Further addition of sodium (0.25%) drops the catalyst activity down to 
67.4%, whereas 0.50% of Na added to Cr-Mo catalyst leads to a more selective 
catalyst than the earlier catalyst (0, 0.10 and 0.25%) to formaldehyde up to 97% 
selectivity, but only 50.1% of methanol converted by 350 oC to formaldehyde, 
and other products like DME (less than 1%) and CO (approx. 2%), where there 
[24]. 
  CrO3 supported on different metal oxides was studied, since CrO3/SiO2 is 
good catalyst for ethylene polymerisation and CrO3/Al2O3 is selective catalyst for 
ether hydrogenation and dehydrogenation of hydrocarbons. This makes it 
interesting for researchers to study them in an oxidation reaction, according to 
their activity. The Raman technique was reliable for this study, as Raman is able 
to determine the metal oxide and the support and their interactions together. This 
shows that the chromium unit is CrO4 in a tetrahedral unit with two terminal 
oxygen, C=O, which is good sign for oxidation reaction in that it makes the 
catalyst more active and selective to products like formaldehyde.  Wachs et al. 
studied methanol partial oxidation on CrO3, supported in several oxides such as 
TiO2, ZrO2, Nb2O5, Al2O5, with 1% loading of CrO3. The table below shows the 
results of all catalysts tested, where yield for a product is the sum of selectivity of 
that product, and the total conversion of methanol to all carbon products. 
 
 
Support * Yield % 
HCHO HCOOCH3 (CH3O)2CH2 CH3OCH3 CO+CO2 
ZrO2 54.1 34.4 0 0 11.5 
TiO2 68.7 20.4 0 2.6 8.3 
SiO2 60.5 11.5 1.5 0.8 25.7 
Nb2O5 50.5 0 4.2 42.6 2.7 
Al2O3 0.4 0 0 99.0 0.6 
 
Table 3.1 methanol oxidation yielded on 1% CrO3 on Supports * 
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However, using Nb2O5 and Al2O3 supports, the product is affected by the 
support acidity in which the main product is DME in table 3.1. The best support 
was titanium oxide in terms of formaldehyde yield and low combustion to either 
CO or CO2[25]. In another study, more chromium was loaded; 1%, 2% and 3% of 
chromium were loaded on SiO2. For 1% CrO3/ SiO2 the yields were the same as 
in table 3.1. Secondly, 2% CrO3/ SiO2 yields 71% formaldehyde (FA), 9% 
HCOOCH3 (MF), 1% (CH3O)2CH2 (DMM), 1% CH3OCH3 (DME) and 18% 
CO+CO2 (COx). Finally, 3% CrO3/ SiO2 yields 76% FA, 6% MF, 2% DMM, 1% 
DME and 15% COx[20]. Moreover, the result of 1% CrO3/ SiO2 was compared 
with 1% MoO3/SiO2 that yields only 45% FA, 28% MF, 19% DMM, 8% COx, 
where was no DME yield using this catalyst, which makes Cr/Si more selective 
than Mo/Si catalyst[26]. 
 
3.1.7 WO3  
 The most interesting form of tungsten is (6+) oxidation state oxide. 
However, there are oxides in different oxidation states being reported in 
published papers, e.g.  WO2 and WO.  However, in this chapter WO3 was tested 
to determine its selectivity for each product.  
 
  In terms of structure, WO3 consists of distorted WO6 units in octahedral 
structure; Yu showed that the reduction of tungsten (VI) lead to form WO2 in 
temperatures higher than 725 oC, or in the presence of a redox agents like 
methanol. WO2 has rutile monoclinic structure, but other WOx oxides were 
observed, where x is (2 ≤ X ≤3). Results obtained using the XPS technique shows 
that a series of changes occurred from WO3 via WO2.77 then WO2.3 to WO2[27].  
 Tungsten was supported on many common supports with high surface 
area like titania and alumina. Ostromecki et al. studied tungsten oxide supported 
on alumina, and their results show that tungsten is formed as a two dimensional 
structure. This became more distorted and polymerised with an increase of W 
loading, where XANES results present two kinds of bonds as mono-oxo tungsten 
(W=O) and di-oxo tungsten (O=W=O). Moreover, tungsten was found to appear 
as tetrahedral coordination in low coverage (0.33 monolayer), but at higher 
coverage it is a mixture of tetrahedral and octahedral coordination[28].   
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In another study tungsten was loaded on titania, where the catalysts 
contain different tungsten density (12 to 69 monolayers) to determine its effect in 
catalyst activity. Raman bands were obtained for all catalysts and show that the 
W=O band at 1017 cm-1 increased with W density rather than forming W-O-W 
species, which lead to strong Brønsted acid sites and more activity, as catalysts 
containing 1.7 W atom/nm2 or less show very low activity for propene formation. 
However, catalysts containing higher coverage of tungsten are more active as 
they contain stronger Brønsted acid sites[29]. 
 
 Tungsten oxides catalysts were studied for methanol oxidation, as it is 
iso-structural of molybdate catalysts, but the reaction pathway is different 
compared to molybdate catalysts, where molybdate oxides are selective to 
formaldehyde, and tungsten forms mainly dimethyl ether (DME). However, 
molybdenum catalysts still face issues in terms of stability when molybdenum 
evaporates from its oxides during methanol oxidation, causing catalyst 
deactivation.  
 
 Many researchers have studied other systems containing other elements in 
the molybdate system. For instance, Fe-W-Mo, by co-preciptation method, 
different concentration of tungsten oxides were added to molybdate system, 
[Fe2(MoO4)O3.MoO3. x(WO3)], where x= 0, 1.9, 8 and 15.9 wt%. The result by 
x-ray diffraction shows that tungsten atoms could be replaced with molybdenum 
atoms and form Fe2(MoxW1-xO4)3 composition, where Fe3+ is surrounded by both 
Mo6+ and W6+. Furthermore, the results of a methanol oxidation study confirm 
that any addition of tungsten leads to increased selectivity of formaldehyde, 
starting from pure iron molybdate up 15.9 wt% of W added to the system, as in 
table 3.2 below: 
 
 
WO3 
(wt.%) 
Conversion (%) Selectivity to 
CH2O (%) CH2O CO DME Total 
0.0 90.2 3.5 1.2 95 95 
1.9 92.7 2.8 0.9 96.5 96.2 
3.6 93.4 2.3 1.3 97 96.3 
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4.9 93.4 2.3 1.3 97 96.3 
8.0 87.6 2 1.4 91 96.3 
15.9 87 1.6 1.4 90 96.6 
 
Table 3.2 methanol oxidation on WO3 /Fe2(MoO4)3 at 350 oC[30] 
 
Tungsten oxide increased the selectivity of formaldehyde production. However, 
when W was loaded above 5 (wt.%), catalyst activity drops, whereas 
formaldehyde selectivity continued increasing [30]. 
 
3.1.8 ReO3 
Rhenium has a wide range of common oxidation states; 3+, 4+, 5+, 6+ 
and 7+. However, the oxidation state of 7+, is not stable at temperatures higher 
than 220 oC (Re2O7, 220 oC melting point), whereas the reaction of methanol 
oxidation often requires temperatures of up to 500 oC, so 6+ rhenium oxide 
(ReO3) was chosen as a catalyst for methanol oxidation. In general, Re is an 
important metal for petroleum catalysis. For example, Re-Pt catalyst is used in a 
naphtha refinery to convert compounds from low to high octane, to be used as 
fuel like gasoline for car engines. Re does have other applications in catalysis, 
such as electro-oxidation of methanol and hydrogen. However, Re oxidised in the 
presence of oxygen and at temperatures higher than 500 oC, completely to (6+) 
oxidation state, as reported by Okal et al. [31]. 
 
  Sanliang Ling and others studied the reactivity of ReO3, supported by 
WO3, where they used (9x9x9) crystal of perfect cubic ReO3 with lattice constant 
of 3.748 oA. Methanol adsorption was studied on the surface of (001) ReO3 and 
(001) ReO3/WO3 as in figure 3.4, which shows the simulations of ReO3 and 
ReO3/WO3. The first is more active for both hydrogen and methanol adsorption 
on its surface, but figure 3.5 illustrates methanol adsorption on the Re5c site and 
dissociates on the surface. 
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(a) (b) 
Red=oxygen, green= tungsten and blue= Rhenium 
 
Figure 3.4 slide show of (a) (001) ReO3 (b) (001) ReO3/WO3[32] 
 
 
Figure 3.5 methanol adsorption on the surface of ReO3[32] 
 
This bonds with O1c making methoxy group and hydroxyl on the surface, where 
the adsorption energy is -95.3 kJ/mol, and the dissociation energy is -85.3 
KJ/mol. However, that energy increases on the surface of ReO3/WO3 to -83.7 
KJ/mol for adsorption energy, and -44.3 KJ/mol for dissociation energy. Then 
methoxy reacts with the lattice oxygen making dioxymethylene (–H2COO), and 
then further reacts with either neighbour methoxy or methanol, and decomposes 
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as (DMM) [32]. Two papers showed that both ReO3 and ReO3/WO3 oxides are 
selective to dimethoxymethane. In the two papers, also Re oxide was supported 
on TiO2, and the resulted catalyst was tested which showed that the main 
products are DMM and a small amount of formaldehyde, dimethyl ether at low 
conversion, and COx at high temperature [33][34]. 
 
3.1.9 Nb2O5  
 Niobium oxide, and catalysts containing niobium, have important 
applications as effective catalysts for many reactions, for either oxidation or 
dehydrogenation and even hydrating reactions. It is an active catalyst for carbon 
monoxide hydrogenation and pollutant treatments. The surface study of niobium 
oxide on supports shows that NbOx can be formed in three types on a support. 
NbO4 at low coverage of niobium on the support, but with intermediate higher 
niobium coverage. NbO5 can identified using Raman and XANES as in figure 3.6 
below, and NbO6 units were found at high surface coverage of niobium on a 
support [29].  
 
Figure 3.6 niobium species by Raman and XANES [34] 
 
Wachs et al. have studied niobium oxide acidity and basicity during 
methanol oxidation, which confirm that niobium oxide behaviour can be affected 
by the support. From table 3.3 below, niobium behaves as acid sites by producing 
dimethyl ether (95%). However, on silicon oxide support, niobium catalyst is 
redox, which produces formaldehyde, methylformate and dimethoxymethane due 
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to Nb-O-Si bond, and the Raman result of Nb2O5/SiO2 show that NbO4 is formed 
on the surface [34]. 
 
Catalyst Redox % Acid % COx 
20% Nb2O5/Al2O3 0 100 0 
7% Nb2O5/TiO2 2.5 96.5 1 
5% Nb2O5/ZrO2 0 98 2 
2% Nb2O5/SiO2 87.2 5.2 7.6 
 
Table 3.3 Methanol oxidation on supported niobium oxides [34] 
 
Niobium oxide was used as support for a number of phases for methanol 
oxidation. Table 3.4 shows the selectivity of each catalyst supported on niobium 
oxide, where the most selective catalyst is vanadia on niobium oxide and has 
more redox properties than the supported molybdenum oxide. This is due to V-O-
Nb bond that is easily reduced compared to the other catalysts in the table below. 
The other catalyst that is selective to formaldehyde, like CrO3/niobia, 
MoO3/niobia and surface rhenia, confirm that niobium can be modified to be a 
selective catalyst for formaldehyde by increasing its redox properties, rather than 
having acidic properties, which the responsibility of dimethyl ether formation 
using bulk niobium oxide[29].  
   
Catalyst 
 
Selectivity % 
HCHO CH3OCH3 (CH3O)2CH2 COx 
Nb2O5 5 95 - - 
1% P2O5/ Nb2O5 - 100 - - 
1% SO42-/ Nb2O5 - 100 - - 
1% CrO3/ Nb2O5 45.3 46.9 4.5 1.0 
1% WO3/ Nb2O5 - 98.3 - 1.7 
1% Re2O7/ Nb2O5 30.4 58.3 5.5 5.8 
1% MoO3/ Nb2O5 21.8 69.2 7.5 1.5 
1% V2O5/ Nb2O5 61.4 35.2 - 3.4 
 
Table 3.4 Methanol oxidation on catalysts on niobium oxide support [34] 
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3.1.10 Ta2O5 
 Tantalum oxide has important applications in heterogeneous catalysis. Its 
importance is in its redox properties like the other elements in same group of the 
periodic table, i.e. vanadium and niobium. Tantalum pentoxide has two structure 
phases, orthorhombic and hexagonal. The orthorhombic (β-Ta2O5) structure has 
lattice parameters of a = 0.6198 nm, b = 4.029 nm and c = 0.3888 nm, which only 
occurs in temperatures above 600 oC[36], while the hexagonal (α-Ta2O5) has 
lattice constants of a= 6.17 Ao and c/a=1.9[36]. Both oxides have a terminal Ta=O, 
which makes them selective catalyst in oxidation catalysis. There are a number of 
papers which have studied preparing tantalum oxide in nano-sized structures, like 
thin films. 
 
 Tantalum oxide has acidic properties similar to niobium oxide. This acidic 
property is important in hydrocarbon reactions, like hydration of ethene to 
ethanol using ether hydrated niobium oxide or tantalum oxides. However, the 
acidic property changes using support like SiO2, which is catalytically active for 
Beckmann rearrangement of cyclohexanoneoxime to caprolactam up to 97.5% 
selectivity. Moreover, in the case of methanol oxidation, niobium is selective to 
dimethyl ether (95%), a similar result to tantalum oxide, as both have strong 
acidic properties [37]. Tantalum oxide has been chosen in this chapter to have 
logical study from one lab of wide range of single oxides to compare with MoO3, 
using the same range of techniques.   
 
3.2 Results  
 Here I will illustrate the results for the 10 single oxides we have studied. 
All catalysts were characterised using Raman, BET, XRD, XPS, temperature 
programmed desorption (TPD) and XPS and tested using pulsed temperature 
programmed reaction.  
 
3.2.1 Fe2O3 catalyst 
 Iron oxide has high surface area compared with other catalysts in 
this study; it has 8 m2/g.  Figure 3.6 below is the Raman bands for iron oxide 
were observed as 820,604,487,400,240 and 219cm-1. This result was compared 
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with literature that confirmed as α-Fe2O3 (hematite). However, iron oxide catalyst 
was not changed after being used for methanol oxidation [38]. Iron oxide bulk was 
studied using XRD as in figure 3.7. The result shows that iron oxide is the 
hematite structure, though a small band at 2θ=45°  appears after methanol 
oxidation, and is related to the formation of a small amount of either magnetite or 
maghemite, or can be a mixture of them, because both have similar XRD peak 
references from literature. Iron oxide catalyst shared its oxygen leaving a 
reduction in some of iron species to make Fe3O4 [39]. TPD result shows iron oxide 
as a combustor catalyst for methanol oxidation, figure 3.8. The only carbon 
product peak is for carbon dioxide, with a main peak at 300°C. Moreover, the 
reaction profile (fig 3.9) also confirms that methanol was converted to carbon 
dioxide at any conversion point and even at temperatures lower than 200 oC. 
However, from figure 3.9, iron oxide is a very active catalyst compared to 
molybdenum oxide catalyst, it converts methanol at temperatures lower than 200 
oC.  
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Figure 3.6 Raman spectra of iron oxide catalyst 
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Figure 3.7 XRD spectra of iron oxide catalyst 
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Figure 3.8 TPD result for iron oxide catalyst 
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Figure 3.9 Reaction profile result of iron oxide catalyst 
 
3.2.2 MoO3 catalyst 
 
 Molybdenum is very different from iron oxide. Molybdenum oxide 
catalyst is very selective for formaldehyde, being 95% formaldehyde at 20% 
conversion, the selectivity decreasingat higher temperatures, and CO selectivity 
increased. However, molybdenum oxide is not a very active catalyst, and the 
maximum conversion was only 86% by 500 oC. There was no sign of carbon 
dioxide production that comes from full oxidation of methanol as in figure 3.10. 
Furthermore, TPD results in figure 3.11 show that formaldehyde formation is the 
only preferred pathway of oxidative dehydration of methanol (desorption peak of 
mass 30 by 212 oC) in the absence of oxygen, but the peak was weak due to weak 
adsorption of methanol on the low surface area of molybdenum oxide catalyst. 
The surface area of molybdenum oxide is only 1 m2.g-1 using BET surface area 
measurement. Characterisation of MoO3 using XRD in figure 3.12 tells us that 
MoO3 is (010) plane molybdenum oxide[40], with lattice parameters of a = 3.963 
Ao, b = 13.855 Ao and c =3.696 Ao. figure 3.12 (XRD) and figure 3.13 (Raman) 
showed that the catalyst has not changed when used as catalyst for methanol 
oxidation  
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Figure 3.10 Reaction Profile result for MoO3 catalyst 
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Figure 3.11 TPD result of molybdenum oxide catalyst 
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Figure 3.12 XRD result of molybdenum oxide catalyst 
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Figure 3.13 Raman result of MoO3 catalyst 
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3.2.3 VOx catalyst 
The vanadium catalysts used have two oxidation states; V2O5 and VO2. Both 
catalysts were tested, however the Raman bands of both catalysts are similar 
because VO2 is a mixture of V5+ (V2O5) and V3+ (V2O3). As in figure 2.14 and 
2.15, the peaks were repeated in both figures, which are 139, 190, 285, 410, 490, 
510 and 995 cm-1. With expiation of VO2 has a weaker peak compared to V2O5, 
and is weaker than V2O5 in terms of absorbing laser. But overall V5+ segregates 
on the surface of VO2, confirmed by XPS result in figure 3.16, which shows the 
same peak at the same binding energy. In addition, the surfaces of both catalysts 
do not show any change after being used for methanol oxidation according to the 
Raman result, where VO2 shows more intense and sharper peaks closer to V2O5 
Raman. In comparison of the two catalysts, V2O5 has surface area of 2 m2/g, 
whereas VO2 has 4 m2/g surface area. Even the colour of samples are different. 
Vanadium pentoxide is brown, and vanadium dioxide is dark blue. Raman XPS 
results were compared to the published results [41], [42].   
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Figure 3.14 Raman result of VO2 
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Figure 3.15 Raman result of V2O5 
 
Figure 3.16 XPS spectra of VO2 and V2O5 
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Figure 3.17 XRD spectra of V2O5 catalyst 
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Figure 3.18 XRD spectra of VO2 
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XRD results show the bulk composition of oxidation states according to the 
literature, where figure 3.17 is XRD spectra of pure V2O5. This does not change 
after methanol oxidation catalysis, but figure 3.18 is XRD spectra of VO2 (also 
called V2O4). The result shows that VO2 bulk is V2O3 (26, 28 and 46 deg). After 
being used for methanol oxidation, the oxide undergoes a large change. More 
peaks appear that relate to V2O5 and less for V2O3. This confirms that the oxide is 
oxidised to the high vanadium oxidation state (V5+). Before use the colour of VO2 
was dark blue. However, the colour changed to brown/bluish, similar to 
vanadium pentoxide which is a brown coloured powder[43][44]. 
Furthermore, the two oxides were tested using the cat-lab micro-reactor. 
From figure 3.19 vanadium pentoxide is the active catalyst for methanol 
oxidation. It converts 10% of methanol at a temperature of 138 oC, compared to 
molybdenum oxide catalyst that converts methanol by 220 oC. Vanadium catalyst 
also converts 100% of methanol by 290 oC, whereas molybdenum catalyst 
converts only 85% of methanol by 500 oC.  
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Figure 3.19 Reaction profile result of V2O5 
 
It is selective to formaldehyde, where it produces 90% formaldehyde by 
methanol conversion of 30%. However, at low conversion, the main product is 
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dimethyl ether that is normally formed by reaction of two methanol molecules at 
low temperature (170 oC and lower). This decreased at higher temperature, and 
formaldehyde production increased. Above 220 oC formaldehyde decreases and 
CO increases, making vanadium oxideless selective than molybdenum oxide at 
high conversion. Some CO2 is seen at the highest temperatures. Overall the 
maximum formaldehyde yield of vanadium pentoxide is 60% by 220 oC. 
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Figure 3.20 Reaction profile result of VO2 catalyst 
 
In comparison, vanadium dioxide (figure 3.20) is less active than vanadium 
pentoxide; it converts 7% of methanol by 215 oC, whereas vanadium pentoxide 
converts 10% of methanol by 180 oC. Also, vanadium pentoxide converts 100% 
of methanol at 290 oC, whereas for vanadium dioxide it only occurs at 360 oC. 
Nevertheless, it is more selective than vanadium pentoxide to formaldehyde; it 
yields 40% formaldehyde. That is higher compared to 60% as the highest yield 
with vanadium pentoxide, and formaldehyde kept being produced at high 
temperatures up to 470 oC. In the case of vanadium dioxide, where vanadium 
pentoxide formaldehyde totally disappeared by 325 oC. In addition, CO2 was 
produced by vanadium pentoxide, which makes it more combustive than 
vanadium dioxide, which did not produce CO2. The TPD results (figure 3.21 and 
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3.22) show that both catalysts are selective to formaldehyde and CO, where the 
two are broadly similar and support the formaldehyde and CO seen in the 
reaction profiles (3.19 and 3.20).  
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Figure 3.21 TPD result of VO2 catalyst 
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Figure 3.22 TPD result of V2O5 catalyst 
3.2.4 MnOx 
Two manganese catalysts were studied, MnO2 and Mn2O3. MnO2 has 
surface area of 4 m2/g, where Mn2O3 has 3 m2/g. Figure 3.23 shows the Raman 
result of Mn2O3. Compared to the published papers Mn2O3 (380 cm-1) has major 
change in its structure. Before being used as catalyst that has Raman shifts of 382 
cm-1, which is Mn3+ oxide, where the change after catalysing methanol oxidation, 
the catalyst changed to be spinel Mn3O4  (665 cm-1), which is a mixture of Mn2+ 
and Mn3+. In other words, Mn2O3 reduced to a lower oxidation state. The Raman 
spectra in figure 3.24 indicate the presence of γ-MnO2 with hexagonal structure, 
with peaks at 630, 380, 305 and 290 cm-1. However, the used MnO2 has changed 
in its structure from γ-MnO2, recognised to be mixture of γ-MnO2 and β-MnO2. 
This has a peak of 665 cm-1, compared to the literature [45][46], where the gamma 
peak by 630 cm-1 is not clear as separate peak and can be contributed with 665 
cm-1. Furthermore, XRD spectra also confirmed that the phase for used MnO2 is 
β-MnO2 and γ-MnO2 as in figure 3.25. This has peaks of 29, 38, 41, 43, 46, 57, 
59 and 74o [47]. Moreover, figure 3.26 show XRD spectra of Mn2O3, as 24, 34, 45, 
54, 55, 62, 63, 64, 65, 66, 67, and 74o. The result did not show any change in the 
bulk of Mn2O3 after being used for methanol oxidation. 
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Figure 3.23 Raman result of Mn2O3 catalyst 
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Figure 3.24 Raman result of MnO2 
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Figure 3.25 XRD spectra of MnO2 catalyst 
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Figure 3.26 XRD result of Mn2O3 catalyst 
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Figure 3.27 Reaction profile result of Mn2O3 catalyst 
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Figure 3.28 Reaction profile result of MnO2 catalyst 
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Figure 3.29 TPD result of Mn2O3 catalyst 
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Figure 3.30 TPD result of MnO2 catalyst 
However, both MnO2 and Mn2O3 catalysts are combustors for methanol 
oxidation. Where Mn2O3 (figure 3.27) converts methanol to carbon dioxide at any 
conversion, like the iron oxide catalyst, MnO2 in figure 3.28 produces a small 
amount of formaldehyde and dimethyl ether at low conversion. However, when 
the conversion of methanol increases, formaldehyde and dimethyl ether totally 
disappear, Moreover, TPD results also confirms that both catalysts are selective 
to CO2 in figures 2.29 (Mn2O3) and 2.30 (MnO2), but Mn4+ oxide has desorption 
peak for dimethyl ether, whereas Mn3+ has only desorption peak for carbon 
dioxide even in absence of oxygen. 
 
3.2.5 Cr2O3 
The chromium oxide catalyst has a surface area of 2 m2/g. Cr2O3 has 
Raman shifts of 294, 395, 564 and 602 cm-1. As in figure 3.31, the catalyst was 
not changed to any other phase, or different oxidation state, after being used as a 
catalyst for methanol oxidation [48]. Figures 3.32 shows the activity and during 
methanol oxidation and 3.33 is the TPD in He after dosing methanol at ambient 
temperature. Chromium (III) oxide is selective to CO at low conversion, and CO2 
increases to 100% at high conversion. In TPD, chromium oxide catalyst preferred 
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to produce CO2 and a small amount of CO, which overall means that chromium 
oxide catalyst is a methanol combustor, similar to the  iron oxide catalyst.     
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Figure 3.31 Raman result of Cr2O3 catalyst 
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Figure 3.32 Reaction profile result of Cr2O3 catalyst 
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Figure 3.33 TPD result of Cr2O3 catalyst 
 
 
3.2.6 Nb2O5 
 Niobium oxide has a surface area of 2 m2/g. It was studied using the 
Raman technique in figure 3.34, and shows little change in the oxide structure 
after being used for methanol oxidation. Where the fresh niobium oxide Raman 
show Nb5+, with tetrahedral NbO4 units (sharper band at 830 cm-1), compared to 
the literature [44]. Moreover, XRD results in figure 3.35, Nb2O5 is a mixture of 
hexagonal monoclinic structures with recognised peaks by 22.7o and 28.6º[49][50]. 
 
Figure 3.36 shows that the niobium oxide catalyst, is not a very active 
catalyst, the maximum methanol conversion was 85% by 530 oC. However, the 
catalyst is good in terms of selectivity to formaldehyde, where it showed similar 
results to vanadium oxides. It yields 35% formaldehyde by a temperature of 460 
oC. This is even better than vanadium oxide as there is less combustion of 
methanol at higher temperature and formaldehyde was produced up to a 
temperature of 530 0C, being gradually replaced by CO at these high 
temperatures. The catalyst has more acidic properties than molybdenum oxide 
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and vanadium oxide catalysts. The proof of its high acidity is the formation of 
dimethyl ether at low temperature, and selectivity starting from 100% at ~5% 
methanol conversion. dimethyl ether selectivity decreased with the increase of 
conversion, becoming very low above 400 C . What is special of niobium oxide 
catalyst is that the catalyst kept producing dimethyl ether at high temperatures up 
to 530 oC with yield of 7%. This means the catalyst is Lewis acid site and has 
redox properties, as it yields 40% formaldehyde by 415 oC. This result was 
confirmed by the TPD result in figure 3.37. The TPD shows the preferred 
reaction pathways, with formaldehyde at approximately 420 0C, whereas 
dimethyl ether is at 320 0C.  
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Figure 3.34 Raman result Nb2O5 catalyst 
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Figure 3.35 XRD spectra of Nb2O5 catalyst 
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Figure 3.36 Reaction profile result of Nb2O5 catalyst 
 107 
13 26 39 52
0.000162
0.000216
0.000270
0.000324
0.000378
0.000432
0.000486
0.000540
0.000594
Nb
2
O
5
1 ul MeOH injec tions
Lines heated to 80 C
F=30 ml min- 1  R=12 C  min- 1
M
as
s 
S
pe
c 
R
es
po
ns
e 
(A
rb
. U
ni
ts
)
Time (Min)
 Ma ss18  Ma ss44  Ma ss28
 Ma ss31  Ma ss45  Ma ss30
 Ma ss29
0
53
106
159
212
265
318
371
424
477
 Temperature oC
 T
em
pe
ra
tu
re
 / 
°C
 
Figure 3.37 TPD result of Nb2O5 catalyst 
 
 
 
3.2.7 Ta2O5 
 
 The tantalum oxide sample has 4 m2/g surface area, and has Raman bands 
at 200, 280, 330, 521, 639, 719 and 850 cm-1 that do not change after use as 
shown in figure 3.38[51]. Moreover, the XRD spectra in figure 3.39 confirms that 
tantalum oxide catalyst did not have a notable change in its structure, where the 
spectra compared to literature is related to the β-Ta2O5 phase [52][53].  
 
Tantalum oxide catalyst has a close result to niobium oxide catalyst in 
terms of catalytic behaviour as in figure 3.40 for methanol oxidation, which has 
redox and acid sites. In other words, it produces formaldehyde and dimethyl 
ether, but it produces more formaldehyde (40% selectivity, 10% conversion) than 
niobium oxide at low conversion, and less dimethyl ether (60% selectivity, 10% 
conversion). The niobium oxide catalyst produces 100% dimethyl ether at low 
conversion (10% conversion). Moreover, the maximum formaldehyde yield was 
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42% by 400 oC on tantalum oxide catalyst, which is a higher yield compared to 
65% using niobium oxide catalyst. The tantalum oxide catalyst is more active 
than niobium oxide, as it converts 100% of methanol, whereas niobium oxide 
catalyst has 85% of methanol conversion as the highest conversion. Nevertheless, 
after 400 oC the production of both dimethyl ether and formaldehyde decreased at 
high temperature, with carbon monoxide being the main product at a temperature 
of 450 oC.   
 
TPD result confirms that tantalum oxide catalyst is more selective to 
formaldehyde than niobium oxide, as shown in figure 3.41.  
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Figure 3.38 Raman result of tantalum oxide catalyst 
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Figure 3.39 XRD spectra of Ta2O5 
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Figure 3.40 Reaction profile result of tantalum oxide catalyst 
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Figure 3.41 TPD result of Ta2O5 catalyst 
 
 
3.2.8 WO3 
Tungsten oxide has surface area of 4 m2/g. It has two common phases - 
monoclinic and orthorhombic, but the Raman result (figure 3.42) shows that the 
phase of the catalyst here is monoclinic with bands at 275, 320, 718 and 800 cm-
1. In literature[54] the bands are 273, 323, 716 and 508 cm-1. Also the XRD result 
in figure 3.43 is that of pure monoclinic WO3 catalyst, as it has peaks by 42o and 
29o [54]. The catalyst did not change between the fresh and the used samples. The 
result compared to literature with peaks of 2θ= 23o (002), 29o (211), 33o (112), 
33o (110), 36o (202), 42o (110), 44o (222) and 46o (004)[55][56]).  
The sample is more selective than molybdenum oxide  (figure 3.44), 
where the only product was formaldehyde at any conversion, even at 
temperatures up to 420 oC. Here molybdenum oxide catalyst has CO production 
increased by an increase of temperature, however both molybdenum oxide and 
tungsten oxide have poor activity, where the maximum methanol conversion was 
55% by 420 oC. Moreover, TPD in figure 3.45 also confirms that tungsten oxide 
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catalyst is only selective to formaldehyde, and one desorbed peak of 
formaldehyde.    
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Figure 3.42 Raman result of tungsten oxide catalyst 
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Figure 3.43 XRD result of tungsten oxide catalyst 
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Figure 3.44 Reaction profile result of tungsten oxide catalyst 
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Figure 3.45 TPD result of tungsten oxide catalyst 
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3.2.9 ReO3 
Rhenium oxide has surface area of 5 m2/g. The Raman results for rhenium 
oxide in figure 3.46 do not show any change in the catalyst surface before and 
after reaction. Here a Raman shift of 883 cm-1 is related to the Re=O stretch 
(literature= 880 cm-1). The band at 909 is assigned to octahedral ReO3, as is also 
shown by the XRD in figure 3.47 (XRD spectra). The peaks compared to the 
literature were (110) 16.8o, (121) 25.7o, (200) 30.7o, (211) 33.8o, (240) 41.1o, 
(161) 47.1o and (170) is 51.4o [57][58], it is body centre cubic structure.  
  Figure 3.48, shows the acidic nature of the catalyst as significant amounts 
of dimethyl ether are produced. Nevertheless, more than half of the methanol was 
converted to formaldehyde and kept increasing up to 430 oC. After 430 oC, the 
selectivity of dimethyl ether and formaldehyde decreased and the selectivity of 
CO increased. Moreover, the TPD result (figure 3.49) shows that ReO3 is 
selective to formaldehyde and dimethyl ether, whereas CO was not formed in the 
absence of oxygen.  
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Figure 3.46 Raman result of ReO3 catalyst 
 114 
10 20 30 40 50 60 70 80
0
9000
18000
27000
36000
45000
54000
63000
72000
 2 Theta(deg)
In
te
ns
ity
/(a
.u
.)
 ReO3
 Used ReO3
 
Figure 3.47 XRD spectra of ReO3 
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Figure 3.48 Reaction profile result of ReO3 (c-formaldehyde, d-CO, 
e-CO2 and f-Dimethyl ether) 
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Figure 3.49 TPD result of ReO3 catalyst 
 
 
3.2.10 CoO 
 
Cobalt oxide catalyst has a surface area of 4 m2/g. The catalyst is not pure 
Co2+, but it contains Co+2 and Co+3 as a mix of face-centered cubic CoO and 
spinel Co3O4[59]. The Raman shifts of FCC CoO are at 455 and 675 cm-1, whereas 
the spinel Co3O4 has bands at 482, 519, 621 and 690 cm-1. However, in figure 
3.50 the Raman result shows the catalyst has not changed its structure after 
reaction. The catalyst acts as methanol combustor (figure 3.51), however, the 
catalyst is more active than the iron oxide catalyst. It starts to convert methanol 
by a temperature of 150 oC, whereas for iron oxide it is 180 oC. Nevertheless, 
V2O5 is still the most active catalyst used in this study since converts methanol by 
140 oC. Moreover, the TPD result in figure 3.52 shows only CO2 as a reaction 
product, in agreement with the reaction findings.   
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Figure 3.50 Raman result of CoO catalyst 
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Figure 3.51 Reaction profile result of CoO catalyst 
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Figure 3.52 TPD result of CoO catalyst 
 
 
3.3 Discussion 
We can establish some rules of thumb from the previous result of all the catalysts 
used in this study. The main factors dictating methanol oxidation selectivity are 
the metal oxidation state and its acidic properties. Even the catalytic activity is 
affected by oxidation state. In what follows the catalysts studied in this chapter 
are divided into three groups according to their catalytic behaviour for methanol 
oxidation as combustion catalysts, partly selective catalysts and selective 
catalysts, table below summarises the catalytic activity and formaldehyde 
selectivity of catalysts in result section, the table below shows how oxidation 
state is affected in methanol oxidation reaction, where the low oxidation state 
catalysts burn methanol to carbon dioxide, but 5+ oxidation state catalysts are 
partly selective to formaldehyde, whereas 6+ oxidation state catalyst are more 
selective to formaldehyde.  
 
Catalyst The highest selectivity  Full conversion 
FAS (%) Con (%) Tem (oC) FAS (%) 
CoO 0 100 250 0 
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Mn2O3 0 100 250 0 
Cr2O3 0 100 345 0 
Fe2O3 0 100 240 0 
MnO2 18 15 275 0 
VO2 100 5 350 55 
V2O5 96 50 300 12 
Nb2O5 75 55 *550@85% 30 
Ta2O5 60 65 475 5 
MoO3 100 10 *500@85% 45 
WO3 100 55 *420@55% 100 
ReO3 60 35 *535@80% 35 
Table 3.3 Summary of catalysts activity and formaldehyde selectivity. (Tem: 
temperature, Con: methanol conversion, and FAS: Formaldehyde selectivity, (*) is 
an exception for some catalysts did not converted 100% methanol). 
 
3.3.1 Combustion catalysts  
Combustion catalysts are oxide metals in low oxidation state (2+,3+,4+). These 
catalysts burn methanol at any conversion point. In this chapter these catalysts are 
cobalt oxide (CoO, 2+), chromium oxide (Cr2O3, 3+), iron oxide (Fe2O3, 3+), 
manganese oxide (Mn2O3, 3+) and manganese dioxide (MnO2). However, VO2 is 
one of the productive catalysts, where it is V2O5 segregated on the surface as 
proofed using XPS in result section, and V2O3 in the bulk, which catalytically 
behaves as V2O5, or 5+ metal oxide catalyst, as stated in the results section. These 
catalysts are very active usually converting methanol at temperatures lower than 
200 oC. 
 
The mechanism of methanol oxidation on a surface of a combustive 
catalyst is explained by first methanol being adsorbed in its surface. This kind of 
catalyst has bridging metal oxygen bonds, and the metal hosts methanol by 
bonding with oxygen atom in the hydroxyl part of methanol molecule. This 
produces chemisorbed methanol (M-OCH3) and the missed hydrogen bonds to 
the next neighbouring oxygen in the oxide catalyst lattice[1-6]. Then another 
hydrogen of adsorbed methanol leaves to another neighbouring lattice oxygen to 
form another hydroxyl group bonded to the surface. This also forms (M-OCH2) 
after leaving the hydrogen. Next, it either decompose to gaseous formaldehyde or 
interacts by another available neighbouring oxygen. In the case of these 
combustive catalysts, it reacts with another lattice oxygen to form formate group 
(M-OCOH), which either decomposes as formic acid or carbon dioxide with 
hydrogen[1-6]. However, the two hydroxyl groups react and form water gas with 
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lattice oxygen vacancy formation, which would be then taken from the gas 
oxygen as shown in the equations below: 
CH3OH + Surface M àM-OCH3------H+  (Eq 3.1) 
M-OCH3------H+ + lattice O-M(1) à M-OCH3- + H-O-M(1)  (Eq 
3.2) 
M-OCH3- + lattice O-M(2) à M-OCH2 + H-O-M(2)  (Eq 3.3) 
M-OCH2 + O-M(3) à M-OCOH + H-O-M(3)   (Eq 3.4) 
M-OCOH à CO2 + ½ H2 + M+  (Eq 3.5) 
½ H2 + H-O-M(1) à H2 + O-M  (Eq 3.6) 
H-O-M(2) + H-O-M(3) à H2O + M+ + O-M   (Eq 3.7) 
2 M++ gaseous O2 à 2 O-M   (Eq 3.8) 
 
Beginning from the adsorption of methanol to form adsorbed methoxy, 
then adsorbed formate, then decomposition to carbon dioxide, shown with in-situ 
Raman [60]. In this study, an in-situ Raman was not used, but TPD gave similar 
result, where carbon dioxide desorbed first, followed by water peak as the last 
product. However, there is a factor which makes these catalysts selective to 
carbon dioxide. One notable factor is in the catalyst structure, where these kind of 
catalysts participate their bridging oxygen into the adsorption and dissociation 
steps, by making bridging methoxy[61]. This makes the catalyst unstable and 
quickly causes another bridging oxygen to react to form adsorbed formate[1-6], 
which then desorbs as CO2.  
 
3.3.2 Partly selective catalysts 
 The meaning of partly selective catalysts comes from their catalytic 
behaviours. These are selective at low conversion to products, are not combustive 
(CO, CO2), and start to give CO and CO2 with increased heat and methanol 
conversion, but still at some point produce products. In this chapter they are 
Ta2O5, Nb2O5, VO2, V2O5, these catalysts have terminal oxygen, and have an 
oxidation state of 5+. Moreover, they are less active than the combustion 
catalysts. In mechanism, methanol is adsorbed at the catalyst surface and bonds 
to terminal oxygen from the methanol hydroxyl group (M-OCH3, where M= Ta, 
Nb and V). Then adsorbed methanol reacts with neighbouring lattice oxygen to 
form methoxy (M-OCH3) and hydroxyl groups are bonded to the surface. 
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Formaldehyde then desorbs, but at higher temperature, some methoxy groups 
further react to carbon monoxide by adsorbed gaseous oxygen . Then the 
hydroxyl groups recombine to water and leave the surface reduced, where the 
missing oxygen is taken up from the gas phase.  
 
The difference between 5+ oxide catalysts, and oxides with a lower oxidation 
state, is in their surface structures. 5+ oxide catalysts have more terminal M=O, 
where methanol is chemisorbed on this kind of terminal bond, (the surface is less 
perturbed than in the case of bridging oxygen involvement), as a consequence, 
methoxy will stay longer compared to the combustor catalysts. That is confirmed 
in the results section, where all catalysts are active and selective to formaldehyde 
at temperatures higher than 250 oC. The combustive catalysts convert methanol at 
temperatures lower than 200 oC.  
 
M-OCH2 à CO + H2   (Eq 3.9) 
 
 Dehydrogenation of methanol to CO is most notable for 5+ oxide 
catalysts. Here all catalysts start as selective catalysts to either formaldehyde or 
dimethyl ether at low temperature. The selectivity to these products decreases 
with an increase of temperature[61-69], while CO production increases. At even 
higher temperature V2O5 further oxidises CO to CO2. Dimethyl ether is a 
dehydration reaction of methanol at low temperature, where two methanol 
molecules are adsorbed on the surface. As a result, interaction between two 
adsorbed molecules leads to abstraction of water and the formation of dimethyl 
ether as shown below (e.q. 3.10 and 3.11). However, the formation of dimethyl 
ether decreases with an increase of temperature, probably because of dimishing 
surface concentration of adsorbed methanol.  
 
2CH3OH + 2M (surface metal) à 2M----HOCH3  (Eq 3.10) 
2M----HOCH3 à 2M + CH3OCH3(gas) + H2O(gas)  (Eq 3.11) 
 
 However, dimethyl ether formation is clear even at high temperatures on 
catalysts like Ta2O5 and Nb2O5. Here the two catalysts have strong acid 
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properties and the catalyst surface acts as an electron pair acceptor, or Lewis acid 
type[65].  
       
3.3.3 Selective Catalysts 
 
Selective catalysts in this study are catalysts converting methanol efficiently to 
formaldehyde. However, at high temperatures there is notable formation of 
carbon monoxide as result of methoxy group oxidation. In general they are 
selective to either dimethyl ether or formaldehyde. Rhenium oxide catalyst has 
acidic properties compared to molybdenum oxide and tungsten oxide. Here it is 
more selective to dimethyl ether than formaldehyde. However, molybdenum 
oxide is selective to formaldehyde but the increase of temperature methoxy 
oxidises to CO. Tungsten oxide is near 100% selective to formaldehyde at any 
conversion point, even at the highest temperature (500 oC).  
However, terminal methoxy groups on the surface are more reactive than 
the bridging methoxy in lower oxidation state catalyst (lower than 6+), it converts 
to formaldehyde if the surface has redox sites or acid sites for dimethyl ether 
formation, where the surface of 6+ oxidation state catalyst has more terminal 
oxygen than lower oxidation state catalyst, and this terminal oxygen is 
responsible for terminal methoxy that converted to formaldehyde. Likewise, 
molybdenum oxide and tungsten oxide catalysts are selective to formaldehyde, 
whereas ReO3 catalyst acts as Lewis acid surface that eliminates water and 
dimethyl ether. Nevertheless, these oxides are not very active at temperatures up 
500 oC, more heat required to reach the methanol conversion comparing to 5+, 
4+, 3+, 2+ oxides catalysts were tested above, where tungsten is found to be 
100% selective to formaldehyde at 420 oC with 55% methanol conversion.  
 
3.4 Conclusion 
 The oxidation state of an oxide catalyst is the main factor in the oxidation 
reaction of methanol. Where the low oxidation state (4+ and lower) of the 
catalyst results in less terminal oxygen, this is important in keeping the surface of 
these catalysts more stable, which leads to CO2 formation. Moreover, even the 
stability of the surface leads to keeping the methoxy group more relaxed than 
being oxidised to CO. This gives more time for methoxy to convert to 
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formaldehyde. However, 6+ oxidation are the most selective to dimethyl ether 
and formaldehyde, whereas, 5+ catalysts have more selectivity to CO than 6+ 
catalyst. The formation of dimethyl ether is determined by Lewis acid properties 
of the used catalyst. However, the more selective catalysts to formaldehyde have 
lower activity in converting methanol. Here the tungsten oxide catalyst is the 
most selective to formaldehyde. 
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4. The selective oxidation of methanol on chosen complex oxides. 
 
4.1. Introduction 
The previous chapter (Chapter 3) was about single oxides, but this chapter 
concerns the structure and reactivity of mixed cationic oxides. The most 
interesting single oxides catalysts were selected for use in mixed oxides together 
with some alternative materials which have been used for selective oxidation 
catalysis like bismuth molybdate and iron antimony oxide catalysts. In this 
chapter, methanol was not the only reactant targeted to be oxidized: ethanol and 
propanol were also oxidized using iron molybdate, which is the commercial 
catalyst for methanol oxidation. Thus, this study focuses on changing either the 
iron or the molybdenum component to determine any change in its catalytic 
behavior. 
    
4.1.1 Catalysts 
Most of the studied materials were introduced earlier in Chapter One and 
Chapter Three, and the rest, that were not introduced, will be reviewed in this part 
of Chapter Four.. Iron vanadate has been studied by many scientists. Israel Wachs 
et al. have studied bulk FeVO4 and V2O5 supported by α-Fe2O3. The first noted 
point is surface area improvement,  iron vanadate FeVO4 has only 4 m2 g-1 of 
surface area whereas 4% V2O5/α-Fe2O3 has a surface area of 24 m2.g-1. Both 
catalysts are covered by vanadium on their surfaces. However, the bulk iron 
vanadate has more VOx units, as O=VO3 unit in its surface, whereas the surface 
of supported V/Fe catalyst has more bridging V-O-V and V-O-Fe. However, iron 
with a monolayer of vanadium catalyst behaves similarly to the bulk iron 
vanadate catalyst in terms of reacting with methanol. Both catalysts react with 
methanol via vanadium, and iron is less effective to bond with methanol; bulk 
iron vanadate is 83% selective to formaldehyde and 17% selective to DMM, 
whereas the supported V/Fe catalyst is 78% selective to formaldehyde, 7% 
selective to DME and 15 % selective to DMM. Thus, both catalysts are selective 
to formaldehyde, but the supported vanadium/ iron catalyst has more acidic 
sites[1]. 
 
 128 
iron and vanadium were mixed with another metal; in  a series of Fe1-xAlxVO4 
materials, where the bulk Fe VO4 is in the triclinic phase. However, this structure 
changed after methanol oxidation to spinel type structure, which was caused by a 
reduction in oxidation state from Fe (III) to Fe (II), and from V (IV) to V (III). 
However, the new composition that was formed is Fe1.5V1.5O4. The unstable 
structure was improved by the addition of Al, which gives more stability than the 
pure iron vanadate. The catalyst was compared with iron molybdate catalyst and 
bulk iron vanadate catalyst, and the result showed that bulk iron vanadate 
(FeVO4) is 90% selective to formaldehyde with 95% conversion, whereas the 
addition of Al in iron vanadate increases the activity and makes no change in 
selectivity to any products, where the best ratio is (0 ≤ X ≤ 1)[2]. 
 
Iron antimonite catalysts are the selective catalyst for partial oxidation 
reactions. This is the selective catalyst for oxidation of propene to acrolein, and 
ammoxidation of propane to acrylonitrile, where the activation temperature is 500 
oC. In propene oxidation, FeSbO4 catalysts were tested in terms of activity and 
selectivity. The literature reviewed showed that selectivity was controlled by 
surface oxygen, whereas activity is controlled by bulk oxygen within 1.6 to 2.6 
layers. However, as with many studies of catalysts, the ratios were modified to 
improve selectivity to acrolein. Bowker et al. suggest that the rich skin of Sb is 
increasing the selectivity. However, by 420 oC the skin was reduced to metal, 
which drops the activity. Furthermore, the reason behind increasing the antimony 
ratio to more than the stoichiometric ratio is to form more Sb=O on the surface, 
and that terminal oxygen is responsible for acrolein selectivity. A study carried 
by E. Steen et al. showed that stoichiometry FeSbO4 was reduced after propene 
oxidation to show new phases of Sb2O3, Fe2O3 and Fe3O4, that led to the catalyst 
deactivation that was in the result, whereby at a temperature between 250 to 350 
oC the products were acrolein and CO2, and at a temperature between 500 to 600 
oC, the catalyst produces only CO2 as result of that reduction. Thus the increase 
of Sb ratio is to avoid that catalyst deactivation, where the right ratio is 
Sb/Fe=1.5, which is the active phase with high selectivity to acrolein beside the 
same activity as in stoichiometry ratio catalyst[3]. 
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Moreover, propene is ammoxidized to acrylonitrile; the antimony catalyst was 
FeSb2O4, which had an additive of a promoter, tellurium (Te). The presence of 
tellurium increases the selectivity toward acrylonitrile. However, the activity was 
not much changed with doping of Te. However in the ratio and formula 
Fe30Sb60Te2Ox the activity was higher with this ratio. Nevertheless, the 
preparation method was considered to be a factor in the catalytic activity, where 
co-precipitation, impregnation and reaction of solid oxides have similar result of 
activity, which confirms that the preparation method does not change in this 
catalyst activity[4]. 
   
Bismuth molybdate catalysts have also been used for propene oxidation 
and ammoxidation, and their use has been extended to other alkenes. However, 
there are three phases of bismuth molybdate catalysts, which are α-Bi2Mo2O9, β-
Bi2Mo3O12 and γ-Bi2MoO6. The three catalysts were prepared within co-
precipitation method and studied for butane oxidation. However, thermal study 
showed that α-Bi2Mo2O9 is unstable when calcined to 420 oC and above, when it 
converts to both β-Bi2Mo3O12 and γ-Bi2MoO6. Therefore it is not efficient for this 
reaction, which required a temperature of 420 oC as the reaction conditions. 
However, β-Bi2Mo3O12 is less active and selective to 1,3 butadiene than γ-
Bi2MoO6, because γ-Bi2MoO6 has a higher oxygen mobility than β-Bi2Mo3O12, 
where γ-Bi2MoO6 catalyst is 82.2% selectivity to 1,3 butadiene with n-butene 
conversion of 81.8%, while β-Bi2Mo3O12 catalyst produces 73.2% 1,3 butadiene 
with conversion of 37.2% by 420 oC for 12h[5]. 
 
 4.1.2 Alcohols oxidation   
Alcohol in general reacts through the hydroxyl group in its structure, 
ethanol can be oxised in a similar way to methanol producing acetaldehyde, but 
can also be dehydrated to ethylene. n-propanol has also a similar case to ethanol 
as it converts to propanal, propene, and /or propane. iso-propanol is like n-
propanol and can be converted to aldehyde, ketones and alkane, where the 
products are acetone and propene. Also n-butanol is possible to be converted to 
aldehyde and ketone. [6]. 
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Furthermore, ethanol oxidation was studied over various supported catalysts. 
Pt/Al2O3 is the selective catalyst to acetic acid due to its highly acidic sites. 
However, Pt/ZrO2 catalyst oxidized ethanol to acetaldehyde, whereas, Pt/ CeO2 is 
also a selective catalyst to acetaldehyde, then the catalyst became selective CO2 
and methane. However, the reason behind this is that Pt/CeO2 has a higher 
exchange capacity of oxygen that leads to lowering the concentration of ethoxy 
species, which will be converted later to acetaldehyde, whereas Pt/CeO2 or higher 
exchange capacity of oxygen favored an intermediate as acetate bonded to the 
surface, which will decomposes as methane and CO2. A third support was studied 
is Ce0.50Zr0.50O2, where Pt/ Ce0.50Zr0.50O2 catalyst has similar result to Pt/CeO2 
catalyst and is not selective to acetaldehyde as Pt/ZrO2 catalyst, because again it 
has higher exchange capacity of oxygen than in the case of Pt/ZrO2 catalyst[7].  
 
iso-propanol oxidized to acetone on a clean surface of nickel catalyst foil 
using microbach reactor. However, iso-propanol was converted to acetone, 
carbon monoxide, carbon dioxide, water and hydrogen, where the selectivity to 
acetone is 79%. Yet, in reaction conditions of 700 K constant temperature, partial 
pressure of oxygen is 30 torr and initial pressure of alcohol is 30 torr. With the 
same initial alcohol pressure, and changing oxygen partial pressure to reach 30 
torr, the yield of acetone increased up to 91%, whereas in oxygen partial pressure 
of 15 torr, acetone yield was only 76%. That is strong proof of oxygen pressure 
dependency and that affected the reaction, but even a temperature above 700K 
increases the CO2 production[8]. However, the oxidation of propanol in a 
complete oxidation is proposed with another application. Where iso-propanol is a 
volatile organic compound, that pollutant has to be converted before blowing in 
air, it is fully oxidized to water and CO2. Gold catalysts with four different 
supports were studied in this reaction. While the target is to burn 2-propanol with 
less heat and cost, so, the catalyst with higher activity is more interesting for full 
oxidation reactions. These catalysts are 1.6% Au/CeO2, 1.6% Au/Al2O3, 1.4% 
Au/TiO2 and 1.7% Au/Fe2O3, where the activity for these catalysts as 1.6% 
Au/CeO2> 1.7% Au/Fe2O3  >1.6% Au/Al2O3 > 1.4% Au/TiO2. However, the 
products were not only the desired CO2, there were products like acetone and 
propene. However, they were intermediates before being burned to CO2 by heat. 
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In the catalytic activity, 1.6% Au/CeO2 was the most interesting because it 
converts iso-propanol to acetone by 100 oC[9]. 
 
Furthermore, n-propanol was studied in a very important application in fuel cells; 
it is a hydrogen energy source on 7% Ni/Y2O3-ZrO2 catalyst by oxidative steam 
reforming, which can be more interesting than the current biomass reactions that 
are ethanol and methanol, because n-propanol and n-butanol have more density 
of energy. However, when 773k 100% of n-propanol was converted to H2 and 
CO, there are detected amounts of methane and carbon dioxide, but the catalyst 
was improved by changing ratio of Y2O3 to the support, where the first has 2% 
wt/wt of Y2O3 to 41% ZrO2, the next has 19% Y2O3 and the result is more 
selectivity to H2[10].     
 
4.2. Results  
 
 The oxides used were analyzed and tested in the same way as the single 
oxides in the previous chapter (Chapter 3). This part of Chapter 4 will illustrate 
the catalytic behavior of each catalyst and the characterization, to determine any 
change that occurred during methanol oxidation. 
 
4.2.1. FeVO4 catalysts 
 
 FeVO4 catalysts have a surface area of 5 m2 g-1, even for the catalysts that 
contains addition of vanadium (2V:1Fe) ratio and (3V:1Fe) ratio. Figure 4.1 
illustrates the catalytic performance of iron vanadate; the catalyst is selective 
(95%) to formaldehyde at low methanol conversion (70% and lower). the catalyst 
is active as it converts 100% of methanol by temperature of 250 oC, but the 
maximum yield of form, aldehyde is only ~ 50%. from the TPD is shown in 
figure 4.2, showing formaldehyde and large amounts of carbon monoxide, also 
there is production of small amounts of carbon dioxide. 
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Figure 4.1 Reaction profile result of FeVO4 catalyst 
 
 
Figure 4.2 TPD result of FeVO4 catalyst 
 133 
In figure 4.3, the 2V:1Fe ratio catalyst data is shown, and 3V:1Fe in 
figure 4.4. From figure 4.3, 2 ratio iron vanadate is 100% selective at low 
methanol conversion and low temperature, where the most interesting point is at 
200 oC, when the catalyst yields 100% formaldehyde, which means that the 
catalyst is so active by 200 oC and converts 100% of methanol to only 
formaldehyde. However, above 200 oC, carbon monoxide was produced and the 
selectivity to it increased with increasing temperature, which is the result of 
further oxidation of methoxy to CO and to CO2 at even higher temperatyures, 
However, the greater addition of vanadium to iron vanadium in ratio as 3V to 
1Fe, lead to more vanadium oxide behavior. In Chapter 3, vanadium oxide is the 
selective catalyst to both formaldehyde and carbon monoxide at high 
temperatures. Figure 4.4, shows that the catalyst has  decreased selectivity 
compared to 2:1. figures 4.5 and 4.6 show the TPD of these two catalysts, ratio 2 
(figure 4.5) and ratio 3  in figure 4.6. Both of the catalysts produce formaldehyde  
and carbon monoxide even without oxygen gas, though the peak of CO in 3 ratio 
catalyst appeared at 175 oC, whereas in 2 ratio it appeared at a higher temperature 
(212 oC). In other words, the more preferred product would desorb first, and the 
lower heat in 3 ratio catalyst for CO peak means that CO production is the 
preferred pathway of methanol oxidation rather than in the case of using 2 ratio 
iron vanadate.   
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Figure 4.3 Reaction profile result of (ratio-2V)FeVO4 catalyst 
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Figure 4.4 Reaction profile result of (ratio-3V) iron vanadate catalyst  
 
0 20 40 60
0.000198
0.000297
0.000396
0.000495
0.000594
0.000693
0.000792
0.000891
0.000990
2 FeVO
4
1 ul MeOH injec tions
Lines heated to 80 C
F=30 ml min- 1 R=12 C  mi n- 1
M
as
s 
S
pe
c 
R
es
po
ns
e 
(A
rb
. U
ni
ts
)
Time (Min)
 Ma ss18  Ma ss44  Ma ss28
 Ma ss31  Ma ss45  Ma ss30
 Ma ss29
0
53
106
159
212
265
318
371
424
477
 Temperature oC
 T
em
pe
ra
tu
re
 / 
°C
 
Figure 4.5 TPD result of iron vanadate catalyst (ratio-2V) 
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Figure 4.6 TPD result of iron vanadate catalyst (ratio-3V) 
 
 
 Pure FeVO4 has Raman band of 971, 936, 910, 900, 850, 835, 773, 738, 
664, 634, 370 and 325 cm-1 as in figure 4.7 and was also was compared to the 
literature [1]. However, the catalyst has changed when used as a methanol 
oxidation catalyst, where new peaks appeared as 210 and 405 cm-1 that related to 
Fe2O3. Also, 275, 289, 460, 530 and 995 cm-1 are related to V2O5, which in other 
words means that FeVO4 was reduced to form iron oxide and vanadium pentoxide 
instead of the pure iron vanadate, where the change is due to loss of lattice 
oxygen during methanol oxidation, which should be fed by gas oxygen and 
reoxidize the catalyst. However, the catalyst is not stable in the case when it is 
not able  rexodize its surface by the gaseous oxygen instead of changing its 
structure. 
 
Figure 4.8, shows the result for the 2:1 ratio iron vanadate  that has 280, 
300, 405, 479, 525 700 and 995 cm-1.These are related to vanadium pentoxide 
plus the Raman shifts of FeVO4 but smaller in intensity. However, the peaks of 
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pure iron vanadate get lower in intensity with more addition of vanadium, as 
shown in figure 4.9, which is the result of ratio 3:1 iron vanadate, where the 
intensity of stoichiometric iron vanadate is lowering compared with the result in 
figure 4.7, and vanadium oxide peaks are clearer with more addition of 
vanadium. This means the greater addition of vanadium is formed as vanadium 
pentoxide covering the surface of bulk FeVO4, and the behavior the catalyst is 
affected by the addition of vanadium as shown earlier. However, even the pure 
iron vanadate, vanadium is segregated on the surface with full vanadium atoms in 
the first layer, where iron atoms are in the second layer and more in the deeper 
layer to the bulk as reported in literature [10], and that is a similar case to iron 
molybdate catalyst, where molybdenum segregates on the surface of iron 
molybdate.  
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Figure 4.7 Raman result of stoichiometric FeVO4 catalyst 
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Figure 4.8 Raman result of ratio 2 FeVO4 catalyst 
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Figure 4.9 Raman result for ratio 3- FeVO4 catalyst  
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Figure 4.10 XRD result of stoichiometric FeVO4 catalyst 
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Figure 4.11 XRD result of ratio 2 FeVO4 catalyst 
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Figure 4.12 XRD result of ratio 3 FeVO4 catalyst 
 
Moreover, the XRD result in figure 4.10 shows that three spectra are related to 
triclinic FeVO4, which are 25.04o, 27.16o and 27.66o as compared to the literature 
[11]. Figure 4.12, which is XRD result for ratio 3 iron vanadate, shows a very 
close result to ratio 2 iron vanadate in figure 4.11, their close result confirms that 
V2O5 is formed on the surface of iron vanadate.  Moreover, XPS is a surface 
analysis technique, where in the case of more vanadium addition can be either 
segregated on the surface or mixed up into the bulk structure. However, the 
results below in figures 4.13, 4.14 and 4.15 show that vanadium segregates on the 
surface, where figure 4.13, which is XPS spectra of stoichiometry iron vanadate, 
has V 2P 3/2 peak area of 8363.24, and that area is 12931.78 for ratio 2V:1Fe 
catalyst (figure 4.14) and 16559.87 for ratio 3V:1Fe catalyst (figure 4.15). 
However, the segregated vanadium oxide behaves like molybdenum oxide iron 
molybdate catalyst, where in figure 4.15 the peak area was bigger than in figure 
4.16 which is XPS result of  used ratio 3V:1Fe iron vanadate catalyst, In other 
words, vanadium oxide evaporates from the surface during methanol oxidation 
and the surface loses vanadium, which leads to deactivation in a long time of use.  
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Figure 4.13 XPS spectra of pure iron vanadate catalyst 
 
Figure 4.14 XPS spectra of ratio 2V:1Fe iron vanadate catalyst 
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Figure 4.15 XPS spectra of ratio 3V:1Fe iron vanadate catalyst 
 
Figure 4.16 XPS spectra of used ratio 3V:1Fe iron vanadate catalyst 
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4.2.2. Fe2(WO4)3 catalysts 
Iron tungstate has a surface area of 13 m2/g. However, another ratio of 
iron tungstate was tested, with the ratio is W/Fe = 2.2, which will be called 2.2 
Fe2(WO4)3, and which has a surface area of 6 m2/g. The two catalysts have been 
studied as shown below: figure 4.17 (stoichiometric catalyst) and figure 3.18 
(ratio 2.2 iron tungstate catalyst) show Raman results for both catalysts, where 
the Raman shift by 989 cm-1 is associated to Fe-O-W bond. The two catalysts 
have sharp bands by 720 and 800 cm-1 that is the same as the pure tungsten oxide, 
and relate to the WO6 unit. Figure 4.17 shows the Raman result of stoichiometric 
iron tungstate for the fresh and used samples, and the catalyst does not show any 
change after being used for methanol oxidation. However, figure 4.18 shows that 
there is WO3 in the catalyst as Raman shifts at 320 and 1010 cm-1 is associated to 
tungsten oxide, which is a similar result to iron molybdate catalyst with ratio 2.2. 
Moreover, XRD spectra of both catalysts show that the two catalysts have 
different bulk structures. Figure 4.19 is the pure iron tungstate and figure 4.20 is 
(W/Fe=2.2) iron tungstate. However, the pure iron tungstate has two small peaks 
by 24o and 36o related to Fe2O3 being formed as compared to literature [12], and 
even appears not clear in the ratio W/Fe=2.2 iron tungstate spectra, where it has 
more peaks that are related to WO3 in 27o 23.5o[13]. However, these peaks 
lowered in intensity after methanol oxidation that was due to volatilization of 
tungsten oxide, which is similar behavior to molybdenum oxide in iron 
molybdate catalyst.  
XPS spectra show the composition of these catalyst surfaces. figure 4.21 
is for iron tungstate with W (4d) ratio is 11.80%, whereas the peak area in ratio 
2.2 iron tungstate is 12.49%, which clearly shows that any addition of tungsten 
will be segregated on the surface of stoichiometry iron tungstate, because iron 
ratio in the stoichiometric catalyst is 9.68 %, and 2.2 catalyst is only 8.49, and 
iron amount is the same in both catalyst when prepared. Moreover, even the bulk 
tungsten segregated on the surface, as in figure 4.23, which is XPS spectra of 
used stoichiometric iron tungstate with W (4d) peak area of 12.22% whereas the 
fresh catalyst is 11.80, because of the reaction temperature that is 500 oC in case 
of methanol oxidation.  
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Figure 4.17 Raman result of stoichiometric iron tungstate catalyst 
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Figure 4.18 Raman result of ratio 2.2 iron tungstate catalyst 
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Figure 4.19 XRD result 2.2 Fe2(WO4)3 catalyst 
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Figure 4.20 XRD result 1.5 Fe2(WO4)3 catalyst 
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Figure 4.21 XPS spectra for pure iron tungstate catalyst 
 
Figure 4.22 XPS spectra for used iron tungstate catalyst 
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Figure 4.23 XPS spectra of W/Fe=2.2 iron tungstate catalyst 
 
Figure 4.24 XPS spectra of used W/Fe=2.2 iron tungstate catalyst 
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Iron tungstate catalysts (W/Fe= 1.5, 2.2) are selective catalysts to formaldehyde, 
and the single tungsten oxide is the most selective catalyst for formaldehyde 
(100% selectivity) in this study (Chapter 3) and even more selective than 
molybdenum oxide to formaldehyde. Though, the tungsten has poor activity and 
does not fully convert methanol to formaldehyde (maximum conversion is 53% 
by 420 oC),. In figure 4.25 the stoichiometric iron tungstate is 100% selective to 
formaldehyde by 200 oC and above,. However, the methanol conversion is low 
and the maximum conversion is 83% by 288 oC, but   the production of 
combustive products as CO and CO2 occurs at high temperature. The increase of 
tungsten ratio leads to less activity, as in figure 4.26. However, both 
stoichiometric and 2.2 iron tungsten are selective catalysts to formaldehyde in the 
presence of oxygen, but without oxygen as in the result of TPD for both catalyst 
figures (4.27, 4.28), which show that there are peaks of dimethyl ether (mass 45) 
and formaldehyde (mass 30). However, dimethyl ether is being produced at a low 
temperature in TPR that has flow of oxygen with methanol in the gas system, and 
as it is a very small amount at very low conversion which disappeared when the 
catalyst start to be active, that means dimethyl ether is not a main product in 
presence of oxygen but it is a main product in the absence of oxygen.  
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Figure 4.25 Reaction profile result of Fe2(WO4)3 catalyst 
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Figure 4.26 Reaction profile result of 2.2 Fe2(WO4)3 catalyst 
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Figure 4.27 TPD result of pure iron tungstate catalyst 
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Figure 4.28 TPD result of W/Fe=2.2 iron tungstate catalyst 
 
4.2.3. FeNbO4 catalyst 
 
Iron niobium oxide catalyst has a surface area of 10 m2/g, which is quite a 
large surface area compared to the rest of the catalysts were used in this study. 
However, the single oxide of niobium does not have that large surface area, (2 
m2/g, Nb2O5), and so the complex oxide with iron increases the catalyst’s surface 
area. Moreover, the catalyst is active by 180 oC, and converts all methanol by 290 
oC, nevertheless, the catalyst is selective to formaldehyde at low conversion. 
However, the catalyst started to convert methanol with high conversion, 
formaldehyde production decreased and CO increased up 90%, as in figure 4.29. 
Also figure 4.30 shows that there is mainly dimethyl ether production at low 
temperature but large yields of CO and CO2The formaldehyde production is very 
low in TPD mode. 
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Figure 4.29 Reaction profile result of FeNbO4 catalyst 
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Figure 4.30 TPD result FeNbO4 catalyst	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4.2.4. FeSbO4 catalyst 
Iron antimonate has a surface area of 4 m2/g. However, the catalyst was 
not very selective to formaldehyde. Figure 4.31 shows the TPR result using 
FeSbO4 catalyst, where there is a low yield of formaldehyde the major products 
being CO and CO2, implying this is a combustion catalyst. Figure 3.32 is the 
TPD result for which shows that the catalyst is mainly selective to carbon 
monoxide and carbon dioxide. However, there are small peaks that are related to 
dimethyl ether and formaldehyde: formaldehyde was seen in TPR result even at 
low production, whereas dimethyl ether was not seen in TPR in presence of 
oxygen. 
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Figure 4.31 Reaction profile result of FeSbO4 catalyst. 
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Figure 4.32 TPD result of FeSbO4 catalyst. 
 
4.2.5. CuMoO4 catalysts 
Copper molybdate [14], catalysts were used. This divided into three types 
according to the ratio of molybdenum access in the catalyst structure, as pure 
stoichiometric CuMoO4 (MO/Cu=1) with surface of 6 m2.g-1, ratio 1.5 =Mo/Cu, 
CuMoO4 catalyst with surface area of 5 m2.g-1 and ratio 2Mo:1Cu (Mo/Cu=2) 
copper molybdate catalyst with surface of 4 m2.g-1. The catalytic behavior of the 
three catalysts is shown in figure 4.33 for stoichiometric CuMoO4, figure 4.34 for 
ratio 1.5Mo:1Cu CuMoO4 catalyst, and figure 4.35 for 2Mo:1Cu ratio copper 
molybdate catalyst. The stoichiometric copper molybdate started to be active by 
180 oC. However, the catalyst is 100% selective to formaldehyde only at low 
conversion (maximum 10%), then formaldehyde selectivity decreased with 
increase of carbon monoxide selectivity. Methanol conversion increased up to 
100% by 325 oC, and by this point, formaldehyde selectivity is 80% (yield = 
80%) and the rest is carbon monoxide.. Some CO2 is seen at high temperature. 
With increased Mo the activity appears to increase a little, and formaldehyde 
continues to be the major product, at least up to ~ 350 °C. From these data this 
catalyst appears to perform well for the selective oxidation of fomaldehyde.  
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figure 4.33 Reaction profile result of pure copper molybdate catalyst . 
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Figure 4.34 Reaction profile result of (Mo/Cu=1.5) CuMoO4 catalyst. 
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Figure 4.35 Reaction profile result of (Mo/Cu=2) CuMoO4 catalyst. 
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Figure 4.36 TPD of pure CuMoO4 catalyst. 
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Figure 4.37 TPD result of (Mo/Cu=1.5) CuMoO4 catalyst. 
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Figure 4.38 TPD result of (Mo/Cu=2) CuMoO4 catalyst. 
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Figure 4.36-4.38 are TPD results of three copper molybdate catalysts. In 
all three cases, there is only one peak associated to mass 30 (formaldehdye), 
which confirms that the three catalysts are selective to formaldehdye. CO and 
CO2 were not seen in TPD result, confirming the good performance of these 
materials. XRD result obtained for the three catalysts show no change in bulk 
when the catalysts were run for methanol oxidation, showing that the catalysts are 
stable.  
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Figure 4.39 XRD spectra of stoichiometric CuMoO4 catalyst 
 157 
 
Figure 4.40 XRD spectra of (Mo/Cu=1.5) CuMoO4 catalyst 
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Figure 4.41 XRD spectra of (Mo/Cu=2) CuMoO4 catalyst 
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Figure 4.42 Raman result of stoichiometric copper molybdate catalyst 
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Figure 4.43 Raman result of (Mo/Cu=1.5) CuMoO4 catalyst 
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Figure 4.44 Raman result of (Mo/Cu=2) CuMoO4 catalyst 
 
Raman result tells more about surface layers. Figure 4.42, figure 4.43 and 
figure 4.44 show that there are missed peaks with molybdenum higher ratio than 
1Mo:1Cu. However, 990 and 820 bands have appeared for the high Mo loading, 
due to the increasing presence of MoO3 in the catalysts. catalysts, which was not 
seen in figure 4.42 that is the pure copper molybdate catalyst. In other words, the 
more addition of molybdenum above the stoichiometry ratio will cover the 
surface, and does not have a big affect in bulk, as seen from the XRD result. 
Moreover, the three catalysts are stable as seen in the XRD result and the Raman 
result, where there was no change in the three catalysts’ structures when analyzed 
after methanol oxidation experiments, which shows that the three catalysts are 
stable. 
 
4.2.6. MnMoO4 catalysts 
Manganese molybdate [15] was prepared in three ratios, the stoichiometry 
(Mo/Mn=1) ratio, 1.5 Mo: 1 Mn, and 2 Mo : 1 Mn manganese molybdate. The 
three catalysts have different surface areas: the stoichiometry manganese 
molybdate has 5 m2.g-1, 1.5Mo: 1Mn manganese molybdate catalyst has 4 m2.g-1, 
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and 2Mo : 1Mn manganese molybdate has a surface area of 3 m2.g-1. 
Molybdenum oxide itself has a low surface area (1m2.g-1), so it might indeed be 
expected that the greater addition of molybdenum ratio would lead to a lowering 
in surface area. However, all three catalysts are active, as in figure 4.45-47, 
which are the TPR results of the three catalysts. The 1.5Mo:Mn is more active, 
and started converting methanol by just 110 oC, while stoichiometric and 
2Mo:Mn manganese molybdate catalysts converted methanol by 180 oC. 
However, in terms of complete conversion of methanol, stoichiometric 
manganese molybdate is the least active, where methanol fully converted by  
approx. 370 oC, while 1.5 Mo : 1Mn manganese molybdate is the most active of 
the three ratio catalysts, as it converted 100% methanol by approx. 273 oC. This 
makes it even more active than iron molybdate. 
 
The selectivity toward formaldehyde using the three catalysts is very 
good, especially at moderate conversion, with, for instance, the 2Mo:Mn catalyst 
yielding 75% formaldehyde; the other main product being CO, with little sign of 
complete combustion. Similarly in TPD, all three catalysts performed very well, 
showing almost exclusively formaldehyde as a product in TPD (figures 4.48-50) 
 
Raman in figure 4.51 is for stoichiometry manganese molybdate catalyst, figure 
4.52 is for ratio 1.5 manganese molybdate catalyst, and figure 4.53 is for ratio 2 
manganese molybdate catalyst. However, the peak by 820 cm-1 shows the 
molybdena ratio by its intensity, whereas in the pure catalyst result (figure 4.51) 
the peak is as it should be in the stoichiometry catalyst As Mo increases in the 
catalyst , so there is an increase in the MoO3 phase, evident by the increase in the 
peaksd at 990 and 820.. There appears to be little change after reaction in all 
cases. The XRD in figure 4.54, for stoichiometric catalyst, shows a change in its 
bulk structure, where peaks at 23o, 33o and 54o are of much increased intensity in 
the used sample, which is for manganese oxide, and peaks by 26.5o and 39o are 
smaller in used line compared to the fresh catalyst line in the figure, which are 
related to molybdena. This means the bulk is losing some molybdenum after 
methanol oxidation, and Mn2O3 is formed instead. However in figure 4.55 (ratio 
1.5, MnMoO4) and in figure 4.56 (ratio 2, MnMoO4) there was no change like 
that in the stoichiometry catalyst, where the bulk structures of these catalysts 
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(ratio 1.5 and ratio 2 catalysts) are more stable than the pure stoichiometry 
catalyst[15].  
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Figure 4.45 Reaction profile of stoichiometric manganese molybdate catalyst 
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Figure 4.46 Reaction profile of (Mo/Mn=1.5) manganese molybdate catalyst 
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Figure 4.47 Reaction profile result of (Mo/Mn=2) manganese molybdate 
catalyst 
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Figure 4.48 TPD result of stoichimetry manganese molybdate catalyst 
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Figure 4.49 TPD result of (Mo/Mn=1.5) manganese molybdate catalyst 
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Figure 4.50 TPD result of (Mo/Mn=2) manganese molybdate catalyst 
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Figure 4.51 Raman result of stoichmetry manganese molybdate catalyst 
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Figure 4.52 Raman result of (Mo/Mn=1.5) manganese molybdate catalyst 
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Figure 4.53 Raman result of (Mo/Mn=2) manganese molybdate catalyst 
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Figure 4.54 XRD spectra of stoichiometric manganese molybdate catalyst 
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Figure 4.55 XRD spectra of (Mo/Mn=1.5) manganese molybdate 
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Figure 4.56 XRD spectra (Mo/Mn=2) manganese molybdate catalyst 
 
 167 
4.2.7. Bi2Mo2O9 catalyst 
Bismuth molybdate catalyst has a surface area of 2 m2 g-1. The catalyst 
produced up has poor selectivity (fig. 4.57) and appears to be mainly a 
combustion catalyst Furthermore, the TPD result in figure 4.58 shows that 
although it produces  formaldehyde at a relatively low temperature, carbon 
dioxide, is also a major product, Carbon dioxide formed at low temperature (260 
oC). then CO formed at higher temperature than carbon dioxide, where selectivity 
of formaldehyde decreased with increase of  the reaction temperature .  
 
Figure 4.59 is Raman result of bismuth molybdate, where it shows that the 
catalyst does not have any significant spectral change after use [16].  
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Figure 4.57 reaction profile result of bismuth molybdate catalyst 
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Figure 4.58 TPD result of bismuth molybdate catalyst 
200 400 600 800 1000 1200
0
8600
17200
25800
34400
43000
51600
60200
68800
In
te
ns
ity
 (a
.u
.)
Raman shifts-1
  Bi2Mo2O9
 Used Bi2Mo2O9
 
Figure 4.59 Raman result of bismuth molybdate catalyst 
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4.2.8. Fe2 (MoO4)3 catalyst for ethanol and propanol and methanol.  
Iron molybdate was introduced in Chapter one, It is the current 
commercial catalyst for methanol oxidation to formaldehyde, and this catalyst has 
a surface area of 5 m2 g-1, where it has excess molybdena  (2.2 Mo to 1Fe), 
whereas the stoichiometry of Fe2(MoO4)3 is 1.5 Mo to 1Fe. The catalyst yielded 
96% formaldehyde as in figure 4.60, and showed high activity. However, 2.2 iron 
molybdate was also applied as catalyst for more complex alcohol oxidation to 
determine if is selective to the aldehyde as for methanol. 
 
Figure 4.61 shows the temperature-programmed oxidation of ethanol on 2.2 iron 
molybdate. As in the figure, ethanol was converted at a temperature lower than in 
the methanol case, where the catalyst converted 10% of ethanol by 100 oC. By 
120 oC, 20% of ethanol was converted to mainly to 65% ethylene and 35% 
acetaldehyde. Then at higher temperature and increased ethanol conversion, 
ethylene selectivity decreased, while acetaldehyde increased. Furthermore, the 
maximum yield of ethylene was 60% by 215 oC, and the maximum yield of 
acetaldehyde was 85% by 240 oC, then both ethylene and acetaldehyde decreased 
while CO selectivity increased, while CO2 was thye dominant product at the 
highest temperature[7]. 
 
Nonetheless, n-propanol has a different result in figure 4.62, where the catalyst is 
active by less than 100 oC, and 10% of n-propanol was converted to 100% 
propane. Moreover, the maximum yield of propane was 80% by 200 oC. 
However, propane selectivity decreased with increase of conversion and heat, 
while carbon monoxide increased up 200 oC. CO2, dominates at the highest 
temperature, with some propene in between[9].  
iso-propanol was oxidized on 2.2 iron molybdate catalyst as in figure 4.63. The 
catalytic reaction started at low temperature as with n-propanol and ethanol. The 
first product was acetone, at 5% conversion 100% was acetone. Acetone 
selectivity decreased gradually from temperature range of 100 oC to 275 oC, 
while propylene increased, whereas propane was produced between 300 oC and 
400 oC with maximum selectivity of 5%. Nonetheless, CO formed in 
temperatures from 175 oC. CO2 was formed at low temperatures and kept 
increasing with the increase of until it dominates at high temperature[10]. 
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The TPD result in figures 4.64, 4.65 and 4.66, for ethanol, n-propanol and iso-
propanol respectively, draws a map of favorite reaction pathways. Ethanol has 
two peaks that are related to acetaldehyde, which desorbed first, then another 
desorbed peak is for ethylene. However, a more complex alcohol like n-propanol 
has peaks associated to propane (figure 4.65, 4.66), then the second favorite is 
propene. However, the case of iso-propanol is slightly different from n-propanol. 
The first peaks are related to acetone, the second peaks are associated to propene, 
and the third peaks are for propane. Overall, the selectivity to aldehyde is 
decreased with more complex alcohols than methanol, and the selectivity toward 
alkene is increased. The figures below for the TPR and TPD results show that 
alkene products increased. In ethanol, the ethylene product was a small amount 
compared to acetaldehyde production, whereas in 1-propanol and 2-propanol, 
both had a larger production of propene. Overall, 2.2 iron molybdate was a good 
catalyst for alcohol oxidation to the respective aldehyde or ketone, though 
dehydration to the corresponding alkene competes at high conversion.  
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Figure 4.60 Reaction profile of Methanol oxidation on 2.2 iron molybdate 
catalyst 
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Figure 4.61 Reaction profile of Ethanol oxidation on 2.2 iron molybdate 
catalyst 
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Figure 4.62 Reaction profile of n-Propanol oxidation on 2.2 Iron molybdate 
catalyst 
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Figure 4.63 Reaction profile of iso-Propanol oxidation on 2.2 iron molybdate 
catalyst 
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Figure 4.64 TPD result of ethanol oxidation 2.2 iron molybdate catalyst 
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Figure 4.65 TPD result of n-Propanol oxidation on 2.2 iron molybdate 
catalyst 
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Figure 4.66 TPD result of iso-Propanol oxidation on 2.2 iron molybdate 
catalyst 
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4.3 Discussion 
Catalyst The highest FA selectivity 100% Activity 
 FA S. % T oC. Con. 
% 
T. oC FA S. % 
FeVO4 100 116 28 205 43 
2 FeVO4 100 200 100 200 100 
3 FeVO4 100 150 10 200 100 
Fe2(WO4)3 100 250 80 350 75 
2.2 Fe2(WO4)3 100 270 80 375 70 
FeNbO4 100 225 40 260 40 
FeSbO4 92 150 6 350 3 
CuMoO4 100 175 18 320 80 
1.5 CuMoO4 100 262 43 370 50 
2 CuMoO4 97 190 20 300 70 
MnMoO4 100 255 60 375 60 
1.5 MnMoO4 100 255 48 325 70 
2 MnMoO4 100 258 50 320 72 
Bi2Mo2O9 65 240 10 360 20 
Table 4.1 methanol oxidation selectivity to formaldehyde on complex oxide 
catalysts (FA= formaldehyde, S.= selectivity, Con. = methanol conversion and 
T= temperature) 
 
4.3.1 Kinetics of alcohol oxidation  
Alcohol oxidation is coordinated by the hydroxyl group (-OH) in its structure, 
whereas in methanol the hydroxyl is bonded to only one carbon (CH3OH). 
However the rest bonded to that carbon are 3 hydrogen (-H), so, when molecule 
hits the surface fast with enough energy, oxygen of hydroxyl will bond to the 
metal that has a terminal oxygen, and the hydrogen in the hydroxyl group will 
bond to the surface oxygen as in eq 4.2.1. This will move the surface to an 
intermediate situation, another metal oxygen interact to dehydrogenate, the 
methyl group as in eq 4.2.2, then it leaves the surface as formaldehyde (eq 4.2.3). 
The surface reorders itself by eliminating water from the two hydroxyl groups 
that are bonded to the two metal (eq 4.2.4). Finally, the surface takes the missed 
lattice oxygen from the gas in re-oxidation step (eq 4.2.5)[17-22]. 
 
Formaldehyde not only the product obtained. Side reactions may occur using 2.2 
iron molybdate catalyst that is selective to formaldehyde, but CO is being 
produced when methoxy has not interacted by its carbon hydrogen with neighbor 
oxygen on another metal (eq 4.2.6), then methoxy is affected by heat to 
decompose as CO and hydrogen. dimethyl ether is formed by reaction of two 
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methoxy molecules as the dehydration reaction that occurs at low temperature 
between adsorption intermediates (Eq 4.2.7). Even CO2 can be formed by bonded 
methoxy reacting with bridging oxygen to convert to bonded formate that later 
decomposes as CO2 (Eq 4.2.8). Also CO2 is the result of full oxidation of 
methoxy and CO by affect of heat[17-22]. 
     
H3C-OH + O=M(1) (lattice oxygen) + heat à  H3C-O-M-OH  (Eq 4.2.1) 
HO-M-OCH3 + O=M(2) à  H2C+O-M-OH + M-OH  (Eq 4.2.2) 
H2C+O-M-OH à  H2C=O(g) + M-OH   (Eq 4.2.3) 
2M-OH à  H2O(g) + O=M + M+   (Eq 4.2.4) 
½ O2 + M+ à  O=M   (Eq 4.2.5) 
HO-M-OCH3 à  CO + O=M + 2H2   (Eq 4.2.6) 
HO-M-OCH3 + M-O-M à  O-CH2O-M-OH + 2M+   (Eq 4.2.7) 
HO-M-OCH3 + HO-M-OCH3 à  H3C-O-CH3 + H2O +M+ +O=M    (Eq 4.2.8) 
 
Still, when more complex alcohols are used, the situation is changed as new 
products are formed, such as alkenes and the selectivity toward aldehydes 
decreased with the decrease of hydrogen number that bonded to the hydroxyl 
carbon. When the ethanol molecule hits the surface and is adsorbed, then the 
ethoxy is formed, as in equation 4.2.9, and then ethoxy reacts with neighbor 
terminal oxygen to subtract hydrogen from the carbon bonded to the surface by 
hydroxyl oxygen, as in equation 4.2.10. This carbon has a positive charge that 
makes it unstable, and it desorbs as acetaldehyde (eq 4.2.11).  Then the same 
steps are repeated as in the methanol case, where the water molecule desorbs (eq 
4.2.12). The missing oxygen will be replaced from the gaseous oxygen as the 
final re-oxidation step (eq 4.2.13).  
 
The new product is alkene, which has a lower selectivity than aldehyde in ethanol 
oxidation. Where acetaldehyde is formed after ethoxy shared hydrogen from the 
other carbon next to the hydroxyl carbon (CH3-CH2O-surface) with neighbor 
oxygen in the surface, this then leads to be in positive charge (eq 4.2.14), and to 
move from that positive intermediates compound (C+H2CH2-O-surface) desorbs 
as ethylene (CH2=CH2) as in equation 4.2.15, It is simply a dehydration reaction 
at acid sites for which the C-O bond in the alcohol breaks. Later the same steps 
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for surface re-oxidation by eliminating water, and using gaseous oxygen to 
replace the missing oxygen. Carbon dioxide are two combustive products the 
same as in the methanol case, which are results of partial oxidation in CO, then 
followed by full oxidation to CO2 that increases with increased temperature. 
    
CH3CH2OH + O=M à  CH3CH2O-M-OH   (Eq 4.2.9) 
CH3CH2O-M-OH + O=M à  CH3C+H-O-M-OH + M --OH (Eq 4.2.10) 
CH3C+H-O-M-OH à  CH3CHO + M-OH   (Eq 4.2.11) 
2M-OH à  H2O + O=M + M+  (Eq 4.2.12) 
1/2 O2 + M+ à  O=M   (Eq 4.2.13) 
CH3CH2O-M-OH + O=M à  C+H2CH2-O-M-OH + M --OH (Eq 4.2.14) 
C+H2CH2-O-M-OH à  H2 C=CH2 + O-M-OH  (Eq 4.2.15) 
O--M-OH + HO-M à  H2O + O=M +M+  (Eq 4.2.16) 
 
Propanol oxidation is more complex than ethanol, in which a new product was 
recorded, that is alkane, in addition to alkene and aldehyde, n-propanol hits the 
surface to bond with surface metal via hydrogen bond to the terminal oxygen that 
was double bonded to surface metal, making a hydroxyl group (eq 4.2.17). Then 
n-propoxy interacts with neighbor oxygen that subtracts hydrogen from the 
carbon that is in link with hydroxyl or the oxygen that bonded to the surface as in 
equation 4.2.18. The extracted hydrogen causes a positive charge on the carbon 
as stated earlier, which then converts to propanal (eq 4.2.19), while the two 
hydroxyl groups that bonded to the surface form water and leave the surface (eq 
4.2.20), and the removed oxygen will be taken from the gas phase (eq 4.2.21) as 
the final re-oxidation step.  
  
CH3CH2CH2OH + O=M + heat à  CH3CH2CH2O-M-OH  (Eq 4.2.17) 
CH3CH2CH2O-M-OH + O=M à   
CH3CH2C+HO-M-OH + HO -M    (Eq 4.2.18) 
CH3CH2C+HO-M-OH à  O=M à  CH3CH2CHO + HO -M        (Eq 4.2.19) 
HO -M + HO -M à  H2O + O=M + M+    (Eq 4.2.20) 
½ O2 + M+ à  O=M     (Eq 4.2.21) 
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isopropanol hits the surface to form iso-propoxy (eq 4.2.22), iso-propoxy is 
interacts with neighbor oxygen to subtract hydrogen from the carbons that are 
linked to the surface via hydroxyl oxygen ((CH3)2CH-O-surface), which changes 
it to positive charged carbon (eq 4.2.23). The next step is then followed by water 
desorbed (eq 4.2.20), and the missing oxygen will be taken from the gas phase 
(eq 4.2.21). 
 
(CH3)2CH-OH + O=M + heat à(CH3)2CH-O-M-OH          (Eq 4.2.22) 
(CH3)2CH-O-M-OH + O=M à  (CH3)2C+-O-M-OH + HO -M      (Eq 4.2.23) 
(CH3)2C+-O-M-OH à  (CH3)2C=O + HO -M    (Eq 4.2.24) 
 
Propene has the same kinetics in both isomers of propanol, where in n-propanol 
case, n-propoxy reacted with neighboring oxygen through the carbon that is next 
to the hydroxyl carbon (CH3CH2CH2O-surface) and subtracted hydrogen atom to 
that positively charged carbon (eq 4.2.25). Then it breaks the C-O bond and 
makes a double bond and leaves the oxygen bonded to the surface as hydroxyl 
(eq 4.2.26). iso-propanol is bonded to the surface as iso-propoxy, which 
interacted with neighbor oxygen that causes hydrogen subtracted from the carbon 
next to hydroxyl carbon ((CH3)2CH-O-surface), where consequentially, it 
changes to positive charge carbon (eq 4.2.27), then the product formed is 
propene. Where n-propanol was converted by temperature of 75 oC , and iso-
propanol was converted by temperature of 100 oC, and n-propanol oxidation 
showed low selectivity to propanal, as it was converted to propane and propene, 
which is easier than the partial oxidation to propanal, where iso-propanol 
oxidation was converted to acetone and propene from low temperature. Likewise, 
propene formation leaves the catalyst with hydroxyl that reacts to form water (eq 
4.2.20), finally, the missed oxygen in re-oxidation step will be taken from the gas 
phase (eq 4.2.21)[8-10].    
  
CH3CH2CH2O-M-OH + O=M à  CH3C+HCH2O-M-OH + HO -M (Eq 4.2.25) 
CH3C+HCH2O-M-OH à  CH3 CH=CH2 + HO -M   (Eq 4.2.26) 
(CH3)2CH-O-M-OH + O=M à   
CH3C(C+H2)H-O-M-OH + HO -M   (Eq 4.2.27) 
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CH3C(C+H2)H-O-M-OH à  CH3 CH=CH2 + HO -M  (Eq 4.2.28) 
 
Additionally, propane is formed by partial oxidation of both n-propoxy and iso-
propoxy, in the presence of oxygen and enough heat to oxidize two molecules of 
propoxy. One molecule will donate hydrogen to the other propoxy molecule, and 
then propane desorbs, as oxidative hydrogenation (eq 4.2.29) (eq 4.2.30), which 
will produces a great deal of CO that will decrease with the decrease of propane 
selectivity as in the result section (figure 4.62 and 4.63). Here, CO was produced 
at a low temperature, which then decreased with increase of heat, while not a 
result of full combustion that normally occurs at high temperature like CO2 in the 
same experiments, where with the increase of heat, all products selectivity 
dropped and CO2 selectivity increased.  
 
2 CH3CH2CH2O-M-OH + 0.5 O2 à  CH3CH2CH3 + 3CO + 4H2 (Eq 4.2.29) 
2 (CH3)2CH-O-M-OH + 1.5 O2 à  CH3CH2CH3 + 3CO + 4H2   (Eq 4.1.30) 
 
4.3.2 Catalyst anionic activity 
 
In Chapter 3, single oxides were tested for methanol oxidation, while 
more complex oxide catalysts were chosen for this chapter based on the materials 
in the third chapter. In the case of iron molybdate, iron oxide catalyst was tested, 
which showed 100% selectivity to CO2 at any conversion. It was an active 
catalyst, it converts methanol by 180 oC. Also, molybdenum oxide catalyst was 
tested, and was found to be  selective to formaldehyde. However, the catalyst was 
poor in activity, only about 50% of methanol was converted by 500 oC. Overall, 
iron molybdate catalyst is 96% selective to formaldehyde, and it converts 96% of 
methanol by 300 oC, from which can be seen that iron molybdate catalyst is 
selective because of the molybdenum part (cation), and the activity comes from 
the iron part (anion).  
 
Iron was replaced by three other metals, copper, manganese and bismuth. 
However, in copper molybdate, it is well known that copper has oxidation state of 
2+[14], whereas, iron has 3+ oxidation state. However, in terms of activity, where 
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iron molybdate first converted (10%) methanol by temperature of 180 oC, 
whereas copper molybdate first converted methanol by 160 oC and manganese 
molybdate catalyst is more active catalyst, it is converting methanol by 110 oC, 
because the lower oxidation state of the catalyst is the more active. Still, vanadate 
catalysts are the most active catalysts in our study, the three ratio catalysts of iron 
vanadate converted 100% of methanol by 200 oC (table4.1) , this is because 
vanadium is very active oxide catalyst for methanol oxidation, many paper 
published[23-26] confirmed that V=O units is the reason of its high activity to 
adsorb methanol to methoxy, then to formaldehyde. 
 
4.3.3 Catalyst cationic selectivity  
The two parts of iron molybdate catalyst were illustrated earlier this 
section (4.3.2). The first part is the activity or anionic part (iron) as discussed, the 
second part of iron molybdate is the selectivity part (molybdenum), as 
molybdenum was replaced by four others metals.  
In Chapter 3, it was shown that the oxidation state is a major factor for selectivity 
to formaldehyde. However, this showed selectivity to formaldehyde for more 
than 4+ catalysts. Where niobium oxide catalyst was 80% selective to 
formaldehyde at 50% conversion, then the catalyst turned out to be selective with 
higher conversion and heat to CO; and was not even active up 350 oC. In iron 
niobate the activity was improved converting methanol by 180 oC, and selectivity 
with 100% by 225 oC with methanol conversion of 30%, it is better result than 
niobium oxide in terms of activity and less heat for the catalyst needing to be 
activated, but the catalyst again is selective to CO with increase of conversion 
and heat, which makes it not a very selective catalyst as desired. Moreover, iron 
antimonite was very selective to formaldehyde, where the best result was 55% 
selectivity and 50% methanol conversion, then the catalyst turned out to be 
selective to CO and CO2. 
 
One 5+ metal wise chosen is selective catalyst, which is vanadium that is 
prepared with iron. The stoichiometry iron vanadate is fairly good, where the best 
point was by 225 oC with 90% formaldehyde selectivity and 60% methanol 
conversion, whereas, with more vanadium ratio (V/Fe=2) the catalyst is 100% 
selective to formaldehyde with 100% methanol conversion. Moreover, 
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stoichiometry iron tungstate is a selective catalyst to formaldehyde, where it is 
100% selective to formaldehyde at low conversion, and then the best point was 
90% selectivity and 85% conversion. However, using (W/Fe=2.2) iron tungstate 
has the best result, with 95% formaldehyde selectivity with 85% methanol 
conversion, when CO and CO2 increased with increase of heat. 
 
Thus, the only part changed is molybdenum, and iron stayed constant or in the 
structures of the four metals catalyst, where the selectivity was a great deal 
changed from one catalyst to another, some are selective like vanadium and 
tungsten, and some are poor like antimony and niobium. Thus, the selectivity is 
controlled by this part, which gives an ideal rule that helps to make an active and 
selective catalyst as desired by changing which part to reach the goaled product. 
This is further proof of the result discussed in Chapter 3. However, this part is 
usually poor in activity, where the heat needed to activate the catalyst cannot be 
the right heat to obtain the desired product before being full oxidized by heat.  
 
4.3.4 Catalyst cationic segregation and active phase 
 
The cationic part is the selective part to formaldehyde. If the surface was shared 
equally between the cationic part (molybdenum), and the active part (iron), the 
result should contain products that cation part is selected to (formaldehyde), and 
products that anion is selected to (CO, CO2). Because the surface is in touch with 
adsorbents, it is pathway redirector to which products, but the real result is only 
related to cation part, like iron molybdate is selective to formaldehyde not to CO 
or to CO2. In other words, the surface only is covered by cation, and underneath 
the surface is a mix of cation and anion. The other proof of that is when iron is 
changed to copper or manganese, the same is repeated. Neither copper nor 
manganese was involved in the adsorption reaction, and it is not a special case for 
iron. Another proof is in the characterization of these catalysts by XPS, it  is 
energetic to inter within a few layers, this gives an idea that it is fully covered by 
layer of cations double bonded to terminal oxygen, and then those cations are 
bonded from underneath to a layer that is mix of cations and anions, because 
cations with more oxidation state are more stable for the catalyst to be on the 
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surface and ends by making a double bond with oxygen. That double bond 
relaxes the whole surface structure with low surface free energy[26]. 
 
The main problem in these systems is in their structures. If that surface cation 
volatized, this leaves the whole structure with less ratio of cation, and in 
sequence, that deactivates the catalyst as the cation is the selective part, and even 
more cations covering the surface results in more selectivity toward 
formaldehyde. In other words, if the cation ratio is increased to in excess of the 
stoichiometry ratio, the extra cation will be all in the surface as single oxide 
linked to the surface. On the other hand, anion will be further from the surface 
than in the stoichiometric structure, which is even further away from the whole 
adsorption process, and less affective on the production pathway. This leads to 
more selectivity than the stoichiometric catalyst, whereas activity will not be 
affected that much, because the anion works as electrons feeder from the bulk to 
a surface involved in adsorption, and has a change in its electrons structure[17-22]. 
 
 In the result section (4.2) manganese molybdate catalyst is an example that has 
excess molybdenum as Mo/Mn=1.5 ratio, and Mo/Mn=2 ratio beside the 
stoichiometric ratio, where the stoichiometry manganese molybdate catalyst is 
100% selective to formaldehyde at low methanol conversion up to 65% and 
temperature of 265 oC. Then, when the temperature increased and methanol 
conversion increased, the selectivity to formaldehyde decreased and CO, then CO 
kept increasing with increase of heat up to 50% selectivity by 400 oC with 100% 
methanol conversion. The ratio 1.5 manganese molybdate is also 100% selective 
to formaldehyde at low methanol conversion, where by 100% methanol the 
selectivity is 70% formaldehyde, which is better formaldehyde yield than the 
stoichiometry catalyst with less combustive CO. Moreover, manganese 
molybdate catalyst with more excessed molybdenum (Mo/Mn=2) is more 
selective to formaldehyde than the two previous manganese molybdate catalysts, 
where by 100% methanol conversion the selectivity of formaldehyde is 75%. The 
point is that the activity did not change much with excess molybdenum; there is a 
little change, as explained earlier in anionic activity section, but the change was 
not huge, because anion is still doing its job by enhancing activity within the bulk 
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while the surface is covered by cations. Furthermore, it is the same result when 
repeated in copper molybdate, iron vanadate and iron tungstate. 
  
4.3.5 Selected catalysts  
 
The mean of selected catalyst for methanol oxidation in this study is that the 
catalyst converts methanol to formaldehyde, where an efficient catalyst is when it 
converts 100% of methanol with no need of unreacted methanol recycling. That 
catalyst should convert every methanol molecule to formaldehyde, then the 
reducing heat is an honor target for a greener environment. While iron molybdate 
catalyst has the best result with 95% selective to formaldehyde and 94% 
methanol conversion by approximately 300 oC, any better yield is an achievement 
in this study. Iron vanadate catalyst with V/Fe =2 is a more selective catalyst than 
iron molybdate catalyst, as it is 100% selective to formaldehyde and converts 
100% methanol by 200 oC, which is the best catalyst ever tested in this study. The 
right yield was achieved and even the heat was reduced. Even the active phase as 
ratio (V/Fe=3) and the stoichiometry iron vanadate catalysts are less efficient 
than ratio 2 iron vanadate catalyst. 
 Although good catalyst were found, they are not better than iron molybdate 
catalyst, which makes them interesting catalysts. These are iron tungstate 
catalysts, manganese molybdate catalysts and copper molybdate catalysts, but 
they are still selective to formaldehyde at lower percentage than iron molybdate 
catalyst and iron vanadate catalyst. The average of formaldehyde selectivity in 
these catalysts is 75% where the rest is CO. However, CO is less combustive than 
CO2, which is worthy sign for future modification on these catalysts to reach 
better formaldehyde yields. The rule can be used to reach the active phase, like 
iron vanadate with ratio 2 as the selective catalyst and the active phase compared 
with the rest of iron vanadate catalysts that have different ratios. Iron tungstate 
catalyst especially was expected to be better than molybdate catalysts, because 
the single oxide of tungsten was 100% selective to formaldehyde but not very 
active.  
 
4.4 Conclusion 
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In conclusion, alcohol oxidation is changed from simple alcohols to more 
complex in terms of which products are converted to. Such as where methanol is 
converted to formaldehyde, and ethanol is converted to acetaldehyde with low 
production to ethylene. However, this pathway to aldehyde decreased with 
decrease of hydrogen number that linked to hydroxyl carbon. The other pathway 
is alkene instead of aldehyde as in the case n-propanol oxidation, and iso-
propanol oxidation on iron molybdate. 
 
Moreover, the result above confirms that the catalyst has two important parts, the 
cationic part and anionic part, and each part has a special job. The anionic part is 
the activity responsible part, and cations are the selective part. Thus  any change 
of two ratio more than stoichiometric ratio leads to change in the catalytic 
behavior: increasing the cation ratio will increase the selectivity to formaldehyde 
with no big change in the catalytic activity, because excess cations segregate on 
the surface leaving a mix of anion and cation on the bulk. 
 
Furthermore, the targeted objectives were achieved in this chapter by finding a 
new selective catalyst: this catalyst is iron vanadate with ratio (V/Fe=2), which is 
100% selective to formaldehyde at 100% methanol by 200 oC. However, iron 
tungstate, manganese molybdate and copper molybdate catalysts are also 
selective catalysts to formaldehyde and CO.  
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5. The selective oxidation of methanol on catalysts doped surface. 
 
5.1. Introduction 
 
Chapter 5 will illustrate doped surface of iron molybdate and other 
catalysts using methods of preparation like impregnation. This method was used 
rather than co-precipitation method, which was used for most of the previous 
catalysts, as it also shows the catalytic behaviour in modified surfaces. 
 
 
5.2 Result 
 
Table 1 below shows the surface areas of all catalysts that were tested.  
 
Catalyst  Surface area m2.g-1 
2.2 Fe2(MoO4)2 support 6 
2% WO3/Fe2(MoO4)3 catalyst 3 
2% V2O5/ Fe2(MoO4)3 catalyst 5 
2% Fe2(WO4)3/Fe2(MoO4)3 catalyst 4 
2% FeVO4/ Fe2(MoO4)3 catalyst 3 
2% MnMoO4/ Fe2(MoO4)3 catalyst 5 
2% CuMoO4/ Fe2(MoO4)3 catalyst 6 
3% MoO3/Fe2O3 catalyst 9 
6% MoO3/C catalyst 37 
1% Nano-gold/MoO3 catalyst 1 
1% Nano-gold/Fe2(MoO4)3 catalyst 4 
Table 1 Surface area of chapter 5’s catalysts 
 187 
200 250 300 350 400
0
20
40
60
80
100
Se
le
ct
iv
ity
 %
Temperature 0C
 FA  CO
 CO2  D ME
0
20
40
60
80
100
 Methanol convers ion
C
on
ve
rs
io
n 
%
 
Figure 5.1 Reaction profile of 2.2 iron molybdate catalyst 
 
5.2.1 (2%) WO3/Fe2(MoO4)3 catalyst 
WO3/Fe2(MoO4)3 as shown in figure 5.2 (XPS spectra), it shows tungsten 
loading on the surface of 2.2 iron molybdate. The catalyst starts converting 
methanol by low temperature at 150 oC as in figure 5.3. It is more active than iron 
molybdate catalyst that converts methanol by 180 oC, and more active than 
tungsten oxide catalyst that converts methanol by 250 oC, where the selectivity 
toward formaldehyde is 100% at low conversion. However, with increased 
conversion the selectivity to formaldehyde decreased, and carbon dioxide was 
produced starting from temperature 175 oC, which is a very low temperature 
compared to iron molybdate catalyst, as in iron molybdate catalyst, carbon 
dioxide was not produced up to temperature of 350 oC and above, and CO was 
produced at 250 oC, which is a lower temperature than CO2 in iron molybdate 
catalyst case. Tungsten oxide never produced CO and CO2, whereas 
WO3/Fe2(MoO4)3 catalyst produces carbon dioxide at low temperatures and then 
CO was produced and increased in selectivity with the increase of conversion 
beside CO2. CO selectivity kept increasing up to 350 oC, then decreased as result 
of full oxidation of CO to CO2. In the TPD result, the desorption peaks that can 
be seen are related to formaldehyde, CO and CO2 (figure 5.4), which is run in 
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anaerobic conditions. As mentioned earlier, the surface area from this catalyst is 
lower than iron molybdate catalyst.  
 
Figure 5.2 XPS spectra WO3/Fe2(MoO4)3 catalyst 
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Figure 5.3 Reaction profile result of  WO3/Fe2(MoO4)3 catalyst 
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Figure 5.4 TPD result of WO3/Fe2(MoO4)3 catalyst 
 
 
5.2.2 (2%) V2O5/ Fe2(MoO4)3 catalyst 
 
2.2 iron molybdate with 2% vanadium oxide loading (XPS spectra, figure 
5.5) has a more interesting result in terms of activity. The catalyst is active by 
150 oC (figure 5.6), Moreover, the single oxide of vanadium is also active. 
However, the catalyst selectivity to formaldehyde was 100% by low conversion, 
then formaldehyde selectivity decreased. However, the maximum formaldehyde 
selectivity was 80% by 250 oC, which is a lower yield compared to pure iron 
molybdate, while it is a very close result to V2O5 selectivity conversion, which 
was illustrated in Chapter 3.  However the production of CO2 is lower in this 
catalyst than in the case of tungsten loading, but more than in vanadium oxide 
catalyst itself. It is close to pure iron molybdate catalyst, which did not produce 
carbon dioxide up to high temperatures, which is the result of full oxidation for 
all products to CO2 caused by heat. Meanwhile CO production is high using 
loaded vanadium on iron molybdate catalyst, where the decrease of formaldehyde 
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selectivity was followed by increase of CO selectivity, which makes this catalyst 
less selective to formaldehyde by high conversion.  
 
 
However, the TPD result (figure 5.7) was compared to the results of iron 
molybdate catalyst and vanadium oxide in the previous chapters, and the 
comparison showed that vanadium oxide catalyst has the same result as vanadium 
loaded on iron molybdate catalyst, where iron molybdate does not show any 
peaks for CO and CO2 in anaerobic conditions. However, vanadium oxide 
catalyst has peaks for CO, and a new peak that is related to CO2. Neither iron 
molybdate nor vanadium oxide shows peaks to CO2. 
 
 
Figure 5.5 XPS spectra of V2O5/ Fe2(MoO4)3 catalyst 
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Figure 5.6 Reaction profile result of V2O5/ Fe2(MoO4)3 catalyst 
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Figure 5.7 TPD result of V2O5/ Fe2(MoO4)3 catalyst 
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5.2.3 (2%) Fe2(WO4)3/Fe2(MoO4)3 catalyst 
 
Iron tungstate was loaded on 2.2 iron molybdate catalyst (figure 5.8), and 
figure 5.9 shows the catalytic behaviour of this catalyst, which shows that 100% 
of formaldehyde was obtained at low conversion. However, the selectivity toward 
formaldehyde slowly decreased with the increase of conversion and heat. 
However the best yield of formaldehyde was 93%, which is better than tungsten 
and vanadium loading, but still worse than iron molybdate catalyst. Nevertheless, 
the positive point is that the catalyst is more active than iron molybdate catalyst 
as illustrated in figure 5.1, which converts methanol by 160 oC (10% conversion), 
and converts 93% of methanol by 240 oC with 95% selectivity of formaldehyde. 
Thus it is better than iron molybdate catalyst in activity and even better than iron 
tungstate in activity as illustrated in Chapter Four. Moreover, the decrease 
formaldehyde selectivity was followed by an increase of CO selectivity and CO2 
at high temperature: the production of CO and CO2 (at high temperature) was 
recorded to both catalysts iron tungstate catalyst and iron molybdate catalyst, 
which is associated with both catalysts. 
 
 
 
The TPD result in figure 5.10 illustrates that peaks are related to 
formaldehyde (mass 30,29) , which was recorded for both iron tungstate catalyst 
and iron molybdate catalyst. The most interesting point is the desorption peaks, 
as they are sharp, which means that the surface of this catalyst is a strong 
adsorber. This is a better result in the case of iron molybdate and iron tungstate 
catalysts, while the surface area is lower than the surface area of iron molybdate 
and iron tungstate catalysts, as table 5.1 above shows.  This catalyst has 4 m2.g-1, 
iron molybdate has 5 m2.g-1, and iron tungstate has 6 m2.g-1. However, the TPD 
result in figure 5.10 has peaks of CO, CO2  and H2 which is a sign of formate. 
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Figure 5.8 XPS spectra of (2%) Fe2(WO4)3/Fe2(MoO4)3 catalyst 
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Figure 5.9 Reaction profile result of Fe2(WO4)3/Fe2(MoO4)3 catalyst 
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Figure 5.10 TPD result of Fe2(WO4)3/Fe2(MoO4)3 catalyst 
 
5.2.4 (2%) FeVO4/Fe2(MoO4)3 catalyst 
 
2% of Iron vanadate was loaded to 2.2 iron molybdate catalyst, as XPS spectra 
(figure 5.11) shows spectra for molybdenum, vanadium and iron. Figure 5.12, the 
reaction profile result of this catalyst, shows the selectivity and activity of the 
catalyst. It is less active than the previous loaded iron molybdate catalysts that 
were illustrated in this chapter, as it converted methanol by 165 oC compared to 
150 oC for the previous catalysts. Moreover, the selectivity of iron molybdate 
with iron vanadate loading catalyst is 100% selective to formaldehyde at low 
conversion, which then decreased with the increase of temperature and 
conversion. The resulting product is CO, which increases to 70% selectivity by 
340 oC. The point to notice is its selectivity to CO, more than all previous 
catalysts that were mentioned in this chapter, the selectivity of formaldehyde 
dropped to a very low point. However, the TPD in figure 5.13 shows that the 
catalyst is only selective to formaldehyde, and there are no peaks for CO or CO2, 
which means the catalyst is 100% selective to formaldehyde in anaerobic 
conditions, where in aerobic conditions CO was highly formed.  
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Figure 5.11 TPD result of FeVO4/Fe2(MoO4)3 catalyst 
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Figure  5.12 Reaction profile result of FeVO4/Fe2(MoO4)3 catalyst 
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Figure 5.13 TPD result of FeVO4/Fe2(MoO4)3 catalyst 
 
5.2.5 (2%) MnMoO4/ Fe2(MoO4)3 catalyst 
 
Manganese molybdate catalyst was studied in Chapter Four beside 2.2 
iron molybdate catalyst, and both catalysts were found to be selective to 
formaldehyde. However, iron molybdate was more selective: the maximum yield 
of iron molybdate was 96%, whereas manganese molybdate catalyst yielded 88% 
at a lower temperature than iron molybdate catalyst. However, when manganese 
molybdate was loaded on 2.2 iron molybdate (XPS spectra in figure 5.14), the 
new catalyst has very close yield of formaldehyde to iron molybdate catalyst as 
illustrated in figure 5.15. It yielded 94% formaldehyde by 275 oC, and this 
temperature is the same as in iron molybdate catalyst that fully converts methanol 
by 275 oC. Furthermore, the result of TPD (figure 5.16) is showing formaldehyde 
peaks similar to the result of the two catalysts when they are pure.  
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Figure 5.14 XPS spectra of (2%) MnMoO4/ Fe2(MoO4)3 catalyst 
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Figure 5.15 Reaction profile result of MnMoO4/ Fe2(MoO4)3 catalyst 
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Figure 5.16 TPD result of MnMoO4/ Fe2(MoO4)3 catalyst 
 
5.2.6 (2%) CuMoO4/ Fe2(MoO4)3 catalyst 
2% of copper molybdate loaded on 2.2 iron molybdate is shown in figure 
5.17 (XPS spectra),  it is 100% selective to formaldehyde at low conversion 
(figure 5.18). However, as with the previous loaded catalysts, selectivity toward 
formaldehyde decreased and was then followed by an increase of carbon 
monoxide production, then carbon dioxide increased with the increase of 
temperature. In terms of activity, the catalyst is as active as other supported 
catalysts in this chapter that were mentioned above: it converts methanol by 150 
oC, and the maximum formaldehyde yield is 96% by 210 oC. This is a better 
result than iron molybdate catalyst that has a yield of 96% by 275 oC, and it is 
better than copper molybdate that has less selectivity to formaldehyde. The 
reduction of heat compared to iron molybdate catalyst makes a more interesting 
catalyst, as it was not a very large difference but still saves energy. Moreover, the 
TPD result (figure 5.19) shows only desorbed peaks that related to formaldehyde, 
but the peaks are sharper, which is a sign of strong methanol.  
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Figure 5.17 XPS spectra of (2%) CuMoO4/ Fe2(MoO4)3 catalyst 
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Figure 5.18 Reaction profile result of CuMoO4/ Fe2(MoO4)3 catalyst 
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Figure 5.19 TPD result of CuMoO4/ Fe2(MoO4)3 catalyst 
 
5.2.7 (3%) MoO3/Fe2O3 catalyst 
In Chapter 3, molybdenum oxide catalyst was tested for methanol oxidation. The 
result showed that methanol oxidation on molybdenum was mainly converted to 
formaldehyde, and the iron oxide catalyst was 100% selective to CO2. However, 
3% of molybdenum oxide was loaded on iron oxide catalyst, the point is in table 
5.1, where the surface area is 9 m2.g-1. With iron oxide surface of 9 m2.g-1, and 
molybdenum oxide with surface area of 1 m2.g-1, from figure 5.20, the catalyst is 
by 120 oC and 100% selectivity to dimethyl ether. Then its selectivity to dimethyl 
ether suddenly dropped, while the selectivity to formaldehyde was very low (5% 
selectivity) and later decreased, when the selectivity of CO increased to replace 
dimethyl ether and formaldehyde production. In other words, it is a selective 
catalyst to CO. However, the TPD result in figure 5.21 illustrates desorption 
peaks of which products, and formaldehyde was desorbed beside CO and CO2.    
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Figure 5.20 Reaction profile result of MoO3/Fe2O3 catalyst 
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Figure 5.21 TPD result of MoO3/Fe2O3 catalyst 
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5.2.8 (6%) MoO3/C catalyst 
Molybdenum oxide has a very poor surface area, where carbon has a very large 
surface. Therefore loading of molybdenum on carbon leads to having a catalyst 
with a very large surface, where the surface area of MoO3/Carbon catalyst is 37 
m2.g-1. However, the activity of this is quite poor, as shown in figure 5.22, where 
it converts methanol 230 oC. Moreover, the catalyst is selective to carbon 
monoxide and carbon dioxide, and just a very small amount (3% maximum 
selectivity) of dimethyl ether was produced. However, TPD in figure 5.23 shows 
peaks desorbed for formaldehyde and CO2, where TPD are in anaerobic 
conditions, because carbon support reacts with oxygen and forms CO, which 
leads to consumption of the support its self, so, oxygen was not flowing with 
methanol.  
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Figure 5.22 Reaction profile result of MoO3/C catalyst 
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Figure 5.23 TPD result of MoO3/C catalyst 
5.2.9  (1%) Nano-gold/MoO3 catalyst  
 
In Chapter 3, molybdenum oxide was tested for methanol oxidation on its 
surface. The result was very poor, as molybdenum oxide is not active: it converts 
methanol by 215 oC to formaldehyde and CO, the maximum conversion was 85% 
by 420 oC. However, the surface has nano-gold partials loading of 1% (figure 
5.24, XPS spectra), the catalytic behaviour has changed as in figure 5.25, where 
the catalyst is active by 150 oC with 100% selectivity to formaldehyde. However, 
that selectivity decreases gradually with increase of heat, while CO selectivity 
increases, and maximum yield of formaldehyde was 82% by 260 oC, which is 
close a result to iron molybdate with less yield of formaldehyde and more CO 
production, and even more active than iron molybdate. Furthermore, the TPD 
result in figure 5.26 shows the selectivity to only formaldehyde with one 
desorption peak, where the catalyst prefers formaldehyde. 
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Figure 5.24 XPS spectra of  (1%) nano-gold/MoO3 catalyst 
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Figure 5.25 Reaction profile rsult of Nano-gold/MoO3 catalyst 
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Figure 5.26 TPD result of Nano-gold/MoO3 catalyst 
 
5.2.10 (1%) Nano-gold/Fe2(MoO4)3 catalyst 
 
1% of nano-gold was loaded on the surface 2.2 iron molybdate as shown 
by XPS spectra (figure 5.27). However, the result is worse than pure iron 
molybdate catalyst in selectivity to formaldehyde (figure 5.28), because CO2 was 
produced as well as formaldehyde at first conversion, then the selectivity dropped 
and CO2 increased, which makes the catalyst is not selective to formaldehyde. 
However, in terms of activity, the catalyst is very active. It converted methanol 
by 150 oC with full conversion by 240 oC, making it more active than pure iron 
molybdate catalyst, which converted methanol by 180 oC, and the full conversion 
was by 275 oC as in Chapter Four. Moreover, TPD in figure 5.29 demonstrates 
three desorbed products: formaldehyde, CO and CO2.  
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Figure 5.27 XPS spectra of (1%) nano-gold/Fe2(MoO4)3 catalyst 
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Figure 5.28 Reaction profile result of Nano-gold/Fe2(MoO4)3 catalyst 
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Figure 5.29 TPD result of Nano-gold/Fe2(MoO4)3 catalyst 
 
 
 
5.3 Discussion 
 
5.3.1 Metal oxides loading 
The results above showed great changes in the catalytic behaviour of iron 
molybdate catalyst when it has other materials loading on its surface. Tungsten 
and vanadium oxides catalysts are selective to formaldehyde. Therefore covering 
the surface with selective metal oxide was proposed, to improve the selectivity to 
formaldehyde, and increase methanol conversion by impregnation preparation 
method. However, the activity was increased, where iron molybdate catalysts 
with two loaded tungsten and vanadium are active, the two catalyst converted 
methanol by 150 oC, while the pure 2.2 iron molybdate catalyst converted 
methanol by temperature of 180 oC. However, the full conversion of methanol 
(100%) is by 275 oC on the pure 2.2iron molybdate catalyst and the doped surface 
catalysts. 
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However, the impregnation method increased the activity of the doped iron 
molybdate catalyst, because the surface is in a heterogeneous state. As the loaded 
tungsten and vanadium oxides are not bonded to the surface, it is the opposite 
case compared with molybdenum oxide in the ratio 2.2 iron molybdate catalyst, 
where molybdenum stoichiometry has 1.5 Mo: 1Fe, as in co-precipitation method 
any addition of molybdenum will cover the surface as molybdena. However, that 
requires high temperature treatment as for calcination (500 oC). The heat is 
important for molybdenum spreading [20-25], but the disadvantage is that of 
decreasing activity [1-5], whereas the impregnation method does not require that 
heat, and the doped particles are too small (1.1 to 1.5nm with calcination 
temperature lower than 400 oC [26]), which in turn increase the catalyst activity. 
In other words, tungsten and vanadium go into iron molybdate porous and fill it, 
which leads to an electrostatic interaction between iron molybdate and the loaded 
metal oxide, and that interaction causes a disorder and reduces the activation 
energy of iron molybdate to react at lower temperature than unloaded surface iron 
molybdate catalysts as seen in the result above [1-10]. Moreover, this case is 
applied to molybdenum oxide on iron oxide catalyst that converted methanol by 
140 oC, and the pure iron oxide converted methanol by 180 oC, whereas 
molybdenum oxide on carbon was not very active as bar because carbon need 
more heat to activate it [11,19].  
 
However, the selectivity to formaldehyde is affected by the various supports, 2.2 
iron molybdate, carbon and iron oxide. In 2.2 iron molybdate support, the 
selectivity to formaldehyde is slightly decreased compared to the pure iron 
molybdate catalyst, and the reason of that decrease is the coverage of loaded 
metal oxide. Where 2.2 iron molybdate has excess molybdenum on its surface, 
that excess molybdenum is part selective with terminal oxygen, and is 
responsible for methanol adsorption to methoxy. The coverage of vanadium and 
tungsten oxide are poisoning that structure, and the loaded participates in the 
adsorption of methanol as well as iron molybdate and converts methoxy by its 
bridging oxygen to form formate [20-25] bonded to the surface, and then to CO2. 
Molybdenum oxide on iron oxide catalyst is better than pure iron oxide, by 
making a small amount of formaldehyde at low conversion and a great deal of 
dimethyl ether. Then, however, both dropped to zero and CO2 was the main 
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product at high conversion, whereas pure iron oxide converts methanol to carbon 
dioxide at any conversion. That small amount of formaldehyde and dimethyl 
ether confirm that loaded metal is involved in the adsorption in some way. 
Likewise, the same case is shown in molybdenum oxide on carbon, where it is 
not selective to formaldehyde at all.  
  
Complex oxide doping was not far from single oxide doping, but the result is 
much closer to pure 2.2 iron molybdate catalyst for formaldehyde selectivity. 
Where Fe2 (WO4)3/2.2 Fe2(MoO4)3 catalyst yielded 94% formaldehyde, which is 
very close yield of formaldehyde to the pure iron molybdate catalyst that yielded 
96% formaldehyde, it is more interesting in terms of activity. It converted 
methanol (20%) by 150 oC, where pure 2.2 iron molybdate catalyst converted 
methanol by 180 oC, and even the full conversion of methanol was at 230 oC in 
the use of iron tungstate/iron molybdate catalyst to 275 oC in pure 2.2 iron 
molybdate.  
However, iron vanadate on iron molybdate catalyst (FeVO4/Fe2(MoO4)3) is still 
converting methanol completely by 260 oC, which is a higher temperature 
compared to previously mentioned catalysts. This might, during preparation, lead 
to deactivation of the catalyst, and even in manganese molybdate on iron 
molybdate catalyst (MnMoO4/Fe2(MoO4)3) that fully converted methanol by 270 
oC, both catalysts are less interesting than a catalyst with iron tungstate and 
copper molybdate loading. However, iron vanadate on iron molybdate catalyst is 
losing a great deal more selectivity to formaldehyde than the three previous 
catalysts with iron tungstate, manganese molybdate and copper molybdate. 
Overall, the doping of complex catalysts are much more selective to 
formaldehyde than single oxides loading. However, in terms of activity, all 
loadings enhance the support of converting methanol at lower temperatures than 
in their pure state.   
 
5.3.2 Surface area increase  
 
One of the issues that was studied is surface and activity, where the surface of 
molybdenum oxide is 1 m2/g. However, the catalyst is not very active, where iron 
molybdate was very active and fully converts methanol at 275 oC, with a surface 
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area of 5 m2/g. The question arises, if the surface area is increased, will the 
activity increase? For example in the iron molybdate and molybdenum oxide 
catalysts, the result showed that the increase of surface area is not much affected 
in activity: the effect is the catalytic behaviour of a catalyst within its structure. 
As 6% of molybdenum oxide was supported on carbon, the catalyst has 37 m2/g. 
However, it first converted methanol (10%) by 230 oC, which is much greater 
heat than iron molybdate that only has 5 m2/g, and even the full conversion of 
methanol on MoO3/C was 275 oC, which is the same as 2.2 iron molybdate 
catalyst that fully converted methanol by 275 oC. 
 
Furthermore, 3% MoO3/Fe2O3 catalyst has a surface area of 9 m2/g. However, it 
is much more active than molybdenum oxide on carbon catalyst. It first converted 
methanol by 140 oC, and it fully converted methanol by 175 oC. Iron oxide is also 
very active, it fully converted methanol by 180 oC, so the catalytic activity does 
not depend solely on the surface area, the activity depends on the surface 
structure and the nature of adsorbed methanol. Here, methanol was fully mainly 
converted to carbon dioxide, as published earlier by Michael Bowker et al and 
other [20-25], methanol adsorbed on the surface, then was converted to formate 
bonded to the surface, which later desorbed as carbon dioxide, TPD in result 
section showed the pathway reaction of methanol oxidation to CO2. 
 
5.3.3 Nanoparticles affects 
 
1% of nano-gold particles were loaded on the surface of molybdenum oxide and 
iron molybdate supports. It is well known that molybdenum oxide is a poorly 
active catalyst, but the loading of nano-gold in its surface increased its activity to 
convert methanol by 150 oC, and full conversion by 275 oC. The catalyst was 
100% selective to formaldehyde at low conversion, then selectivity to 
formaldehyde gradually decreased and the increase was for CO production, 
where the maximum yield of formaldehyde was 82% by 260 oC, However, the 
results of selectivity to CO and formaldehyde are related to molybdenum oxide, 
as the pure molybdenum oxide catalyst has the same selectivity to formaldehyde 
and CO, but the point of improvement that makes nano-gold loading more 
interesting is the increase in activity with no change in selectivity. 
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Furthermore, when gold nanoparticles were loaded on 2.2 iron molybdate, the 
activity changed: the catalyst is active by 150 oC, and even reached full methanol 
conversion by 250 oC, which is better than 275 oC in pure 2.2 iron molybdate 
catalyst. However, the selectivity to CO2 has increased from the pure catalyst, 
which can be explained as iron molybdate is covered by molybdenum oxide on 
its surface, where the bulk is built by molybdenum and iron, but during gold 
doping from HAuCl4, chloride caused iron sintering and changed the whole 
support structure (2.2 iron molybdate) from its pure state [53], this is a poising of 
iron molybdate surface during preparation, which illustrated that the surfaces of 
complex supports are not stable during sol-immobilization preparation method 
within acidic solution and pH affect [54], and the support has a change in its 
structure. Consequently, loading nanoparticles of gold is more efficient on single 
oxide than on complex oxide supports using sol-immobilization method.  
 
5.4 Conclusion  
 
In conclusion, doping metal oxides has a great effect on a 2.2 iron molybdate 
catalyst: the catalytic activity is increased, while the selectivity to formaldehyde 
has a negative change. However, complex oxides loading has better results for 
formaldehyde selectivity than single oxides.  
 
Moreover, the surface area has little change in activity, where MoO3/Fe2O3 
catalyst has 9 m2.g-1, and is much more active than MoO3/C catalyst, which has 
37 m2.g-1. The main target is catalytic behaviour in terms of catalyst structure by 
adsorbing methanol to methoxy, like vanadium oxide catalyst, which has high 
oxygen mobility. 
 
Additionally, loading of nanoparticles of gold activated molybdenum oxide, 
which was poorly active as a pure catalyst, and the selectivity to formaldehyde is 
still as high as the pure catalyst in single oxide support. However, complex oxide 
support for nano-gold loading did have a good result, the support may change by 
chloride during preparation method, causing change in the support structure and 
decreasing the selectivity of formaldehyde, then increasing the selectivity of CO2. 
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